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.ABSTRACT 
The purpos e of these investigations was to develop the gas 
chromatographic met hod for the rapid and accurate analysis of t he gases of 
decomposition from anaerobic digestion. The theoretical a$pects of gas 
chromatographic separation are reviewed. Based on the fundamental theory, 
the s pecific retention volwne, nwnber of theoretical plates, H.E.T.P., and 
the separation factors are defined. These parameters serve as guides in the 
selection of optimum gas chromatographic columns. 
A gas chromatographic analyzing unit was designed and constructed 
t o meet specific needs for the analysis of gases from sludge digestion. 
Complete gas analyses from each of 16 digesters could be repeated f or any pre-
determined time interval by means of an automatic sampling valve which was 
developed specifically for this application. 
A major effort of the research program was devoted to the determina-
tion of the most suitable column materials for sludge gas analysis. Over 
fifty different solid and liquid materials were studied and about two hundred 
columns were prepared and investigated. Among the solid adsorbents studied, 
it was foQnd that act ivated charcoal and silica gel were able to separate 





S irreversibly. Among the partition liquids studied., 
tri~m~cresyl phosphate, tetra-isobutylene, squalane, silicone oil 550 and 
silicone grease were able to separate N
2
, CH4, co2 and H2S. Dimet hyl 
sulfol ane was especially suitable for the separation of C02 from CH4; as 
was Tri ton X~lOO f or the separation of H
2
S from CH4 and co2 . Generally ,, 
greater lengths (60 to 80 feet) of liquid partition columns are required 
than solid adsorption columns (a few inches to 12 feet) to achieve the same 
degree of separation. Nevertheless, the liquid partition column is 
preferred because of the sharpness of peaks produced and the longer column 
life demonstrated. A 70-ft silicone grease column is considered an optimum 






, a 12-ft molecular sieve solid adsorption column is recommended. 





and H2S was accomplished by the combination of a 26-ft Triton X-100 
column and a 9-ft molecular sieve, type 5A, column. 
The greatest difficulty encountered in the analysis of hydrogen 
sulfide was the irreversible adsorption of the gas by the column support 
material . A procedure to de-activate the solid support material is described. 
Triton X-100 coating on Fluoropak is considered an optimum partition column 
combination for the separation of H2S from the other sludge digestion gas 
components. 
The analysis procedure, beginning with the gas sampling to the 
interpretation of chromatograms,is described in detail. The 11 peak height 
fraction" method is suggested for the interpretation of chromatograms. This 
method eliminates the necessity of calibration curves for the individual 
components. 
The relation of the co
2 
concentration to the progress of digestion 
was observed by the daily analysis of the gases produced from 16 laboratory 
digesters. The analyses were performed during 24 experimental digestion 
studies, ranging from 40 to 90 days each. The initial C02 concentration 
of the sludge gas was generally found to be 60% (by volume) or higher, but 
dropped to 20 to 30% after five or six days of digestion if the process pro-
ceeded in the normal manner. A co
2 
concentration in excess of 30% in sludge 
gas, after ten days of digestionJ definitely indicated that unfavorable 
conditions were upsetting the normal digestion process. 
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Adsor ption column (or ga;:-aolid ads o:rption collarL"Yl J : A col u_rnn packed. by a 
s olid adsorbent 3 s IJ_ch a:=. activated charcoa l. 
Apparent retent ion t ime : S:he difference of t he r etent i on time of a s olate 
and t he retent ion time of an i .nerc gas. 
Apparen~ r·e-:,ent ion vol ume: The prod",J.Ct of a pparent retention time and flo""';- rate . 
Carrier gas: A c ont inuous gas flow vlhich -brings the sample gas t hrough 
a chromat ographic column . 
:hromatogram.~ A plot of concentration ~or l 'LS equivalent , such as millivolt 
from a t her mal condl~-c-~, ivi ty cell ) of a, part i cular s olute i n t he 
effluent emerging f rom a c olvrrm 1.re rsus elution t ime . 
Column (or gas ch r omatographic column ) : A column 1miformly packed ~~ ·ith a 
s ol id adsorbent or inert s ol i d coat ed .,.vri th a liquid, used t o 
separate the components from a gas mixture. 
Flow- rate: The volumetri c rate of' car :::. ier gas passing through a col umn 3 
measured at the temperatu:.:-e and pressure at t he exi t of t he coll;;mn . 
Height eqo;ci valent t o a t heoret ical plate: ~ength of chromat ogra phic column 
divic.ed by ·the number of the:Jret ical plates. 
Inert gae.: Gas ~which i s not retained by the s ol id adsorb ent or partit ion 
liq_uid of a :::h r omat.ographic e:ol·1mm. 
Irrever s ible adsor ption : The ade.orpt ion pm,rer of t he adsorbent i n t he c olumn 
is so s t rong t hat t he s olute can_Dot -be e l uted by the carrier gas 
i n a reasonable period. 
Nurribe r of t heor etical plates (n , N): Number of equival e n t theoretical plates 
of a column . 
.Pa:rti tion colu.nm ( o r gas-liquid pa:r-t.i t ion column) : A colwnn packed w-i.t h an 
inert solid, s uch as C ~22 fire·trick J which has been coat ed wi th 
a n organic liqui d. s u.ch eJs s ilicone grease. 
Pe.rt...;i tion liquid : An orga nic .licj_-c_i d 1-rh ich i s used as a coating mate r i a l in a 
gas-liquid pa~ition col~ . 
?eak height : The maximum height of a chromatogram , or maximu.rn ordinate of a peak. 
Pe a k width fw): The distance betw-een t h e in+-,ersections of t he t~1o tangents 
wi t h t he horizontal :time) axis. The tangents are dra1,;~n on t he 
in~lection point s of a chromat ogram. 
Fla-+~es per f oot of colv.mn length: Number of t heoretical pl a t es divided by 
~he length of t he c olumn . 
Ret e n tion time (d } : The t ime in...._ ... =r-.ral be~-vv-een the injection of a sample and 




Retention volume: The product of retention t ime and flow rate. 
Separation factor: A measurement of the degree of separation between two 
peaks. 
Sensitivity index: A measurement of the sensitivity of a sample detector. 
Specific retention volume (V0 ): Retention volume divided by the total weight 
of partition l~quid or solid adsorbent inside the column. 
Stationary phase: Partition liquid (or solid adsorbent) plus the solute which 
dissolved (or adsorbed)in it. 
Theoretical plates: A discrete stage in which the equilibrium is established 





It has been generally established that sludge digestion gas is composed 
of appr oximately 60 to 65 percent methane, 25 to 35 percent carbon dioxide, and 
that the remainder may be comprised of trace quantities of nit rogen, hydrogen, 
ammonia and oxygen, depending on the state of the digestion process. To de-
t ermine the qualit ative and quantitative analysis of sludge digestion gas, the 
studies reported herein were performed. As a result of these studies a precise 
analytical method to assist the operation of anaerobic digestion has been develop-
ed. The need for a rapid and precise analysis of sludge digestion gas composition 
arises from a number of considerations such as (a) the concentration of methane to 
indicate t he calorific value, (b) the concentration of carbon dioxide to reflect 
how well digestion is proceeding, (c) the concent ration of hydrogen sulfide to 
show if gas scrubbing is needed to prevent corrosion of engines if the sludge 
gas is utilized, and other purposes. Therefore, it w·as decided to develop a 
procedure for the simultaneous quantitative and qualitative determination of 
the gases of decomposition from sludge digestion. 
Si gnificance 
~e literature (1) distinguishes three stages of digestion: (a) inten-
sive acid production as the initial stage; (b) followed by acid regression as 
the second st age; and (c) intensive digestion of t he more resist ant materials 
as the f inal or alkaline fermentation stage. As digestion proceeds t hrough these 
stages, the tot al cumulative gas production per gram of volatile matter 
destroyed increases. It is generally known that during t he first stage of 
-2-
digest ion, carbohydrate.s and simple organics are attacked, resulting in a pre-
dominant production of carbon dioxide during this initial period.' The methane 
production gradually increases, especially during the second stage, and then 
levels out in the third stage to approach ultimately the·asymptotic value of 
about 75 percent CH4 and 25 percent co2 for well digested, domestic sewage 
sludge. In most plants,the digestion process is not allowed to go to completion 
.(90 percent of the total gas yield or more) because of digester capacity and 
therefore the process operates short of the ultimate values given above, but 
perhaps closer to 60 to 65 percent CH4 as stated earlier. However, the litera-
ture is devoid of details or information correlating the progress of digestion 
with the ·quality of sludge gas produced. 
Babbitt (2) was cognizant of the importance of gas production when he 
stated that the quantity and quality of gas produced are probably the best 
indices of the progress of digestion. He also pointed out the need for H2S 
scrubbing to protect the gas engine against corrosion when sludge gas is 
utilized. 
More recentl~ Miller and Barron (3) reported that based on their 
experiences ::t he carbon dioxide in digester gas above the established normal 
is the best early warning signal of failure y'et discovered and usually becomes 
' 
evident in time to take corrective measures. n 
A number of other investigators (4 ) (5 ) have been interested in study-
ing the relationship of H
2
S production during anaerobic digestion of sewage 
sludge for a number of reasons, one of which has been to establish the role 
played by this polar gas. Although no definite relationship has been establish-
ed, it a~pears. t hat H
2
S may be a significant indicator of the properties and 
organics of the sludge. 
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Because of the many problems encountered in plant operation ~nd in 
r e sear ch laboratories, a simple, precise method of gas analysis has wide appli-
cat ion in waste treatment process operation. If the operator is able to have a 
f ew hours warning, as indicated by the onset of an increased co2 concentrat ion, 





concentrations in sludge gas to analyze the effectiveness of plant 
operat ion , it is also necessary to analyze for nitrogen to determine if the 
method of sludge digestion gas sampling is under control, which can only be 
achieved if sampling is conducted carefully. The analysis of co
2 
by Hempel 
or Orsat using NaOH or KOH absorption burets only is subject to considerable 
error for routine plant analysis. There is no assurance that the sample intro-
duced is 100 per cent sludge digestion gas, as it may contain air which was 
introduced during sampling. Therefore, the interference-free gas chromato-
graphic method of analysis is of greatest advantage in this area. 
Although gas chromatography was rarely used prior to 1956, during 
t he past five years gas chromatography has matured to a fully grown branch 
of instrumental analysis. The method is now accepted by many research 
l aboratories and process industries as one of the standard procedures for 
the analysis of gases and organic compounds. However, gas chromatography 
has been slow to find its way into the fields of sanitary chemistry and 
env ironmental engineering. Among the great variety of gas chromatographi.c 
analyzers now available on the market, none are specifically designed for 
the anal y sis of sludge gas. The selection of a suitable unit, and 
probably more important, the need to devise a suitable chromatographic 
column, has often discouraged a novice to the field of gas chromatography. 
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Scope of Work 
The results of five years of research are reported herein. The results 
covered in this report span the period from 1 December, 1956 to 15 April, 1962 . 
As part of this study, a suitable apparatus was designed for the specific pur~ose 
of analyzing the usual components of sludge digestion gas. After many modifica-
tions to improve the sensitivity, the apparatus was constructed in the laborat ory , 
employing gas -solid adsorption columns or gas-liquid partition col·wnns. Both 
types of columns were studied under a variety of operating conditions and com-
pared f or efficiency and optimum separation of components found in sludge diges-
tion gas. As pointed out in Chapter 2, all studies to evaluate and compare 
columns under various operating conditions were based on specific retention 
volumes and separation factors. Final selection of the column, or multiple 
columns, was based on several criteria: (a) greatest number of components re-
solved, (b) maximum sharpness of peak achieved, (c) optimum column life attain-
able, (d) ease of interpretation of chromatogram, and (e) operating conditions 
which are readily available. 
Resolution of CH4, co2 , H2S, N2 , H2 , NH3 
and o
2
, was strived for as 
these gases are present in sludge digesters, ranging from large to very small 




is peculiar perhaps only to labora-
tory scale research because during the manipulation of the sludge and sampling 
from small containers, the introduction of air cannot be absolutely avoided. 
Results of daily gas analysis by the gas chromatographic method over 
a period of three years indicate that the progress of sludge digestion could be 
followed closely by detectable changes in the quality of the gases of decomposi-
tion produced during the process. 
-5-
~hroughout these studies a serious attempt was made to simplify 
the anal ytical procedure to make it available for rout ine analysis by plant 
perso~nel. The ultimate objectives of the study in this r egard were 
successful) as will be seen from the results reported in the body of the 
discussion that follows. 
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Chapter 2 
CONCEPTS AND THEORY OF GAS CHROMATOGRAPHY 
A. Brief Review of the Development of Gas Chromatography 
Chromatographic methods are not new. Chromatography was first employ-
ed by Tswett (6) in 1906 for separating components of plant pigments by moving 
the liquid phase over a solid adsorbing agent by the elution method. He obta ined 
discrete bands of colored materials and named this method 11 chromatography" , vhich 
literally means "color writing." Although this name has become a misnomer with 
the applicat ion of the more modern methods employing colorless materials, the 
term is nov firmly established and appears to be irreplaceable. 
Tswett's technique remained unnoticed for about 25 years only to be re-
discovered in almost the same form by Kuhn, Winterstein and Lederer (7), who used 
a paper chromatographic technique to resolve plant carotene into its components . 
The adaptation of adsorption chromatography to mixtures in the form of 
a gas or vapor (gas-solid chromatography) was due to Turner (8), Claesson (9), 
1 J ames and Phillips (10)(11), but the application of "elution development" has 
been relativel y recent and the development has been generally credited to Cremer 
(14) , Janak (15)(16) and Patton, Lewis and Kaye (17) between 1951 and 1955. 
The liquid stationary phase, or the use of "partition" chromatography, 
was first introduced by Martin and Synge (18) in 1941. Their work also included 
l 
Chromatographic methods may be further classified as to the technique of re-
moving the separated sample components from the column. This technique is 
usually referred to as "development". Subdivisions according to development 
i nc l ude: elution analysis, frontal analysis and displacement analysis. A 
description of these techniques is beyond the scope of this report but may be 
f ound in other publications (12)(13). In the research performed in this 
report, the elut ion development technique was used exclusively. 
-7-
using a liquid moving phase. In spite of the advantages suggested by these 
authors to employ a gaseous mobile phase with a similar liquid-coated stationary 
phase, i t remained for James and Martin (19)(20) to present the results of the 
f i rst such application in 1952. In short succession, others followed to take 
advanta ge of the gas-liquid chromatography method; Ray (21), Griffiths and 
Phillips (22) in 1954, Bradford, Harvey and Chalkley(23) in 1955. The discovery 
of the capillary column by Golay (24) in 1958 opened yet an entirely new branch 
of gas-liquid partition chromatography. 
B. Fundamental Principles 
The following definition embodies a common feature present in the execu -
tion of all chromatographic separations, according to Keulemans (12): 
~:Chromatography is a physico-chemical method of separation in 
which the components to be separated are distributed between t wo 
phases, one of these phases constituting a stationary bed of large 
surface area, the other being a fluid that percolates through or is 
temporarily adsorbed by the solid bed." 
The extent t o which adsorption plays a role varies greatly depending 
on the physical and chemical characteristics of both stationary and moving 
pha se s. Resolution and identification of individual components from a mixture 
is dependent on the effective separation of some or all of the components int o 
concentration zones or "bands n owing to the selective retardation (or "temporary':! 
adsorption) exerted by the stationary phase in equilibrium with the moving phase. 
Because of the phase equilibrium differences, the sample components will tend 
to become separated by repeated distribution between the stationary and moving 
phases as they are moved down the length of a chromatographic column. The 
phase equi libria for different components of the sample will differ. To illus -
trat e, there will be a difference in the intensity of the force by which the 
-8-
stationa ry phase tends to hold each of the sample components, whether t he natu re 
of t his f orce be adsorption, solubility, chemical bonding, or molecular f iltration . 
~Ihe basic principles of gas chromatography are not dif ferent from t hose 
that gu.ide classic liquid chromatography. All types of chromatographic separa-
tions involve the transport of a small sample of a liquid or gas (vapor) mixture 
through a column. 
The chromatographic column contains a sub stance which consists of either 
a solid adsorbent or a liquid partitioning agent. In the latter, a liquid sta-
tionary phase is distributed over an inert solid support to provide a large ex -
change sur·face. 'I1h ese two alternatives constitute the stationary phase. The 
const i t uents of the sample are transported through the column by means of a gas 
which constitutes the moving phase . In a properly selected column the stationary 
phase selectively reta rds the components of" the mixture and causes their movement 
through the colunm at different effective rates. During the travel through the 
column, the components tend to become segregated into separate zones, or ! !bands '~ 
"\IThich are detected qualitatively and measured quantitatively by a suitable de -
tecting device at the exit from the column. 
C. 7heory of Separation; Retention Volume and Peak Width 
The principle of chromatographic separation may be briefly explained 
by the f ollowing simplified illustration: 
A gas sample contains two components, A and B, that are distributed 
uniformly in the mobile phase formed by the carrier gas. The carrier gas forces 
the sample gas through the column which is packed with liquid or solid adsorbent 
(the stationary phase). Intimate contact between the sample gas and the sta-
tionary adsorbent is achieved and as a result the sample gas will distribute 
itself between the stationary and mobile phases. Suppose now that for component A, 
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the fract ion of Xa is adsorbed in the stationary phase which will leave the ~uan-
tity 1 - Xa in the gas phase. This adsorption means that the probability for each 
single molecule of component A to stay in the gas phase and to continue moving is 
1 _ X . As a result) during a definite time interval) component A will move along a 
with the mobile phase only during a fraction l - X of the total time. From 
a 
similar reasoning) component B will move along with the carrier gas only d~ring 
a f raction of l - ~ of the time. If Xa is smaller than ~J then component A 
w·ill come out earlier than B J or component A has been separated from component B. 
For the convenience of mathematical treatment) it is assumed that the 
column is f ormed by a large number of theoretical plates. The plate has the 
usual meaning as that in a distillation or extraction column
2
. The theoretical 
plates are assumed as " ideal" J i.e.J the solute distributed between two phases 
will reach e~uilibrium before it moves to another plate. This e~uilibrium may 
be expressed by the following equation: 




x = the mole fraction of the solute in the stationary phase in 
n 
plate nJ 
= the mole fraction of the solute in the mobile phase in plate nJ 
k = the vapor-li~uid equilibrium constant of the solute. 
A continuous countercurrent process) such as distillation and extraction may 
in theory and sometimes in practice be carried out in a number of discrete 
plates) each constituting an elementary process in which perfect e~uilibrium 
is established between the two phases and in which these phases are then 
again sepa rated. Such a plate is known as a theoretical plate. 
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A differential amount, dm 
1 
mole of carrier gas transfers from plate 
n-
n-l to plate n, and carries with it the amount xn-ldmn-l of the solute, while a 
mole of gas carries the amount x dm of the solute from plate n into plate 
~n n n 
n+l· An overall material balance and solute balance around plate n yields: 
and 
dm - dm = dG + dS 
n-1 n n n 
y dm 
n-1 n-1 
y dm = d(y G ) + d(x S ) 
n n n n n n 
(2) 
(3) 
where G is the mole of gaseous phase and S is the mole of stationary phase (in-
n n 
eluding any temporarily adsorbed solute) in the plate n, respectively. 




(y - y )dm = (y - y 
1
)dG + (x - y 
1
)dS + G dy + S dx (4) 






1 - X 
n 
(5) 






= (1 - X )2 n 
n 
S dx 
n n (6) = 1 - X n 
Combining equations (1), (4) and (6): 
S (Yn - y ) 
n k n-1 
k(l - X ) 
n 
s 
dy + (~ + G )dy 
n k n n (y - y )dG + n n-1 n 
(7) 
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When the sample injected is small, the concentration of the solute in 
the column, yn' as well as yn-l' is small; therefore, the first two terms on the 
right side of the equation (7) are negligible in comparison to the third term. 





(~ + G)dy 
k n 
(8) 
The subscript n on M, S and G in equation (8) is dropped out because 
all these quantities are the same from plate to plate when the size of sample 
injected is small. 
The above derivation, which is slightly modified from the conventional 
plate theory as summarized by Keulemans (25), serves to emphasize that equation ( 8) 
is valid only when the concentration of solute in the carrier gas is small. These 
conditions may not be met when large size samples are injected, or when the car-
rier gas contains considerable amounts of solute prior to the injection of the 
sample. 
If we now define: 
u = 





G + S/k 




initial condition when m = O, u = O, y = 0, for all the plates except at the 
f irst plate 
= y (11) 
where y = total solute initially injected. 
Starting with the first plate, n = 0 and because the inlet flow is solute-
f ree pure helium, we obtain therefore, yn-l = 0. Thus, equation (10) becomes: 
Yo = y is: 
dy 
0 
du = -Yo 
The solution of equation (12) with the initial condition of u O, 
(12) 
y = Ye -u (13) 
0 
Now let us consider the second plate, n = 1, from equation (10): 
Combining equations (13) and (14): 
-u 
= Ye - y 
1 
Equation (15) is a first order linear equation. Its solution is: 
= 
-u -u 
Yue + Ce 
At u = 0, y 
1 







For the third plate , n = 2, equation (10) becomes: 
= (18) 





Solve equation (19) in the same manner as in the solving of equation (15) 
2 
Y~ -u 2 e 
By continuing to solve 11 step by step'', it can .easily be 










where Y = the initial concentration of solute in the gaseous phase entering the 
first plate. 
If we plot vs. u, a Poisson type curve, which will be very close to 
a Gaussian type curve, if n is sufficiently large, is obtained. 
In order to find the number of moles of the carrier gas which has 
passed through plate n when the maximum concentration occurs at the plate, 
dy 
n 
let dm = 0. 
From equation ( 8), when 
y = n 


















Equation (23) shows that the maximwn concentration occurs at the plate n 
vhen u is equal to n. 
Substituting n for u into equation : (9), .we ,obtain when yn is maximwn: 
(m) - n(G + S/k) max - (24) 
Consequently, at exit of a column which contains (n + 1) theoretical 
plates (the plates are nwnbered as 0, 1, 2 ---n, therefore, for a column which 
contains (n + 1) plates, the last plate is the nth plate) the concentration of 
solute will have a maximwn value when n( G + S/k) moles of carrier gas have passed 
through the column. 
For large volwne of n (say, n > 100) 
n = n + 1 
Therefore nG = (n + 1) G = G (25) 
nS ·= (n + 1) S = S (26) 
where G and S are the nwnber of moles of the gaseous phase and the stationary phase 
of the entire column, respectively. 
By substituting equations (25) and (26) into equation (24), the follow~ 
ing equation is obtained: 
(m) - G + S/k max - (27) 
Equation (27) may be changed from the mole basis to volume basis by 
substituting: 
P V for (m) pG VG for G, p8 v8 for 8, and G N max' 
Ps 




V V- = K V-S N - G (28a) 
where vN is defined as the retention volume, pG and Ps are the densities of the 
gaseous phase and stationary phase, respectively, expressed as moles per unit 
volume, VG and V8 are the volume of gas phase and volume of stationary phase 
i nside t he whole column, and K is the partition coefficient. From e~uation (28) 
we can see that the retention volume, VN' depends only on K, the partition 
coeff i cient , and the volume of vapor and li~uid present in the column. Thus, VN 
is independent of n, or the number of "theoretical plates" in the column. 
(VN - VG) is defined as the "apparent retention volume". Experimentally 
it may be obtained according to e~uation (29): 
where 
(29) 
e : the retention time of the solut~ and 
e. = the retention time of an inert gas which is injected simul-
l 
taneously with the solute. The ·inert gas is a gas which does not dissolve in the 
partition li~uid (or solid adsorbent) of the column to any appreciable degree. 
Air, nitrogen and hydrogen are inert to most columns, whereas, only hydrogen is 
considered as inert in molecular sieve columns. c
1 
is the volumetric flow rate 
of the carrier gas measured at the column temperature and column exit pressure. 
f c is a correction factor, derived by · Jam.e·s and Martin (20) to correct for the 
effect of the pressure gradient across the column, and defined as: 
( 30) 
(Pijp )3 - l 
0 
Where p . and p a re the pressures at the column inlet and exit, respectively. 
l 0 
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Equation (28) may be rearranged to 
(V - V ) p = K V P = K.W 
N G S 
= v 0 g = 
(31) 
( 32) 
-where p = density of stationary phase, gm/ml 
w = total weight of stationary phase, gm 
v 0 = g specific retention volume, ml. 
Since K and p are functions of temperature only for a particular 
system of gas sample and stationary phase, V 0 , or the specific retention volume, 
g 
becomes a convenient parameter to indicate the "retention ability" of the sta-
tionary phase. 
The specific retention volume, Vg
0
' which corresponds to the Rf-value3 
in liquid-liquid column chromatograppy, expresses the difference between the rate 
of movement of the carrier gas, or shows the retention power of the stationary 
0 phase inside a column. The greater the values of V , the greater the separation 
g 
between the peak of an inert gas (such as hydrogen or air) and the particular 
sample peak . The greater the difference in the specific retention volume between 
two specific components, the greater will be the separation between peaks of 
the two components. 
3 
In dealing with liquid-liquid partition, Consden, Gordon & Martin (26) in-
troduced the retardation factor, Rf, to denote the transport ratio between the 




rate of movement of the solute 
rate of movement of the fluid 
Obviously, the smaller the value of Rf' the greater the interaction between 
solute and partition liquid. 
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After obtaining the second derivative of y from equation (21) with 
n 
2 I 2 r re spect t o u, and setting d yn du = o, two inflection points at u = n - ~n 
and u = n + ~ are found. The tangents at the two inflection points intersect 
t he horizontal axis at u = n + l ~ 2 fn. Therefore, the distance between these 
two points will be 4 .. r~, which is defined as peak width, w (EF in Figure l). 
This parameter, depending on column characteristics and operating condit ions, 
is independent of solute concentration. 
I f we designate the distance along the u-axis between the injection 
point and the peak (AH in Figure l) by d, then according to equation (23), 
d = n . Since d = n, and w = 4 ~n, it follows that n = (4 d/w)2 . Therefore, the 
number of equivalent ideal plates of a column may be calculated simply by 
measuring the retention time and peak width of a gas component. The following 
assumptions were made to derive the above relationships: (l) K is a constant, 
independent of solute concentration in the two phases, i.e., a linear distribu-
tion isothermj (2) VG and v
8
, the volume in the gaseous and stationary phases 
per unit plate, are the same for every plate which means that there is no change 
of gas density and uniformity of coating throughout the columnj and (3) at the 
beginning, only solute is present in the first plate. The third assumption 
requires that the sample size is small enough to occupy only the space equiva-
lent to the first plate in a column during sample injection. Experimental 
results have proven that the retention volume and peak width are practically 
independent of sample size, provided the sample size is less than five mls. 
- 18-





A == Point of injection 
B = Peak of a gaseous component which is not absorbed by a I i quid-partition 
column, or adsorbed by a solid absorption column 
C,D = Inflection points 
E, F = Intersection of the tangent I ines {which are drawn through the inflection 
points) with the base line 
G,H =Chromatographic peak of a solute sample and its projection on base line, 
respectively 
AH = d = retention t.ime 
EF = w =peak width 




D. Plate Efficiency and Separation Factor 
Al-!:.hough many papers have been published describing various means t o 
i ncrease t he efficiency of a gas chromatographic colunm (27)(28)(29) (30) as yet 
no generally accept ed paramet er has been established to express quantitatively 
t he efficiency of a column in the separat ion of two c omponent gases. The term 
'Number of Theoretical Plates :v , or its reciprocal value times the column lengt h, 
" H.E .T. P .·:, (height equivalent t o a theoret ical plate) is the parameter most 
f requent l y appearing in the literature. As discussed on page 17 in the previou s 
chapter, the number of theoretical plat es may be calculated from the follo-vring 
expressions: 
and by definition 






n = (4 -) w 
L 
n 
number of theoretical plates 
retention distance (distance AH in 
peak width (distance EF in Figure 
length of column. 
Figure l) 
l) 




varying any of the operating conditions of the column (temperature, flow- rat e , 
etc . ) indicat es an increase in the efficiency of separation. However, comparison 
of the efficiency of the separation of two different columns by only correlating 
their H.E.T. P. values may be greatly misleading. For example, a 71-ft silicone 
grease -coated partition column, which does not separate nit r ogen from oxygen in 
an air sample, was f ound to have a theoretical plate number of 2860 for air, or 
H.E .T.P. of 0.0248 ft. On the other hand, a 12-ft molecular sieve column, ·which 
completely separates oxygen from nitrogen in air, possesses merely 275 theoretical 
-20-
plates f or oxygen and 513 theoretical plates for nitrogen, or H.E .T.P. val ve s. of 
0 .0]2 ft and 0.02 3 ft, respectively. Therefore, in this particular case, wi th 
two columns of approximately the same H.E.T .P . values, a shorter column gave much 
better separat ion. The inadequacy of H.E.T .P. as a parameter to indicate the 
column efficiency has been discussed by Golay (31), Purnell (32), Johnson and 
Stross ( 3.3) in considerable detail. The defect originates from tw·o sources: 
(a) In their derivation for the ''theoretical plate n theory, Martin 
and Synge (18) assume that the entire gas sample is injected into the "first 
plate 11 , in other words, into the very beginning of a column. In practice , 
there is always a certain 11dead" space between the injection point and t he start 
of the column, as well as that between the far end of the col-wmn and the detector. 
Therefore, t he " retention distance " , d, shown in Figure 1 includes the time re-
quired f or the sample to traverse the "dead 11 space, in addition to the traveling 
time inside the column. 
(b) According to the 11theoretical plate" theory, the number of the 
theoretical plates for an inert gas which is not absorbed by the col-wmn material 
should be unity. Experimental evidence does not support the theory since a 
value of 2860 theoretical plates has been obtained for an air sample passing 
through a 71-ft silicone grease column which shows little adsorptivity tow·ard 
air. 
Another difficulty enco-untered when using the number of theoretical 
plates, or H.E.T.P . , as the efficiency parameter is the problem to obtain ac -
curate values. The determination of peak width, w, is generally one source of 
error. It is difficult to determine the inflection points on a gas chromato-
gramJ and yet, the tangent lines must be drawn at the inflection points. 
A slight error in determining w will cause considerable error in the n-umber of 
the ideal plates, since n is inversely proportional to the square of "\IT • 
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A-nother parameter, called the Separation Factor, was found to be a 
better parameter to indicate the separation ability of a column. The separation 
factor R is defined by the following formula, according to its original defini-
tion by Jones and Kieselbach (34), with a slight modification of using average 
peak width of components l and 2 instead of peak width of component 2: 
= (35 ) 
Quantities d and w have the same meaning as that used in equation (31). 
Subscripts l and 2 refer to components 1 and 2 and R
1 2 
is the separation factor 
' 




= l is the minimum value required for a complete 
' 
separation between the two components. In practice, because of the tailing 
effect, R
1 2 
> 1.5 is generally necessary to obtain a satisfactory separation 
' 
between peaks. 
The separation factor has proven to be a reliable parameter to in-
dicate the efficiency of a column in the separation between two components. 
However, it should be pointed out that an observed increase of the separation 
between two peaks is not necessarily an advantage for the purpose of analysis. 
If the distance between two peaks is greater than that required it will merely 
prolong the analysis time. In the analysis of sludge gas, separations between 
4 
N2 . and co2 ,and CH4 and co2 are generally achieved easier than separations 
between N2 and CH4. Consequently, the separation factor of the latter mixture 
4 
Nitrogen, or the mixture · of nitrogen and oxygen, is not one of the decom-
position products of the sludge digestion process. However, nitrogen was 
often present in the sludge gas. The gas may come from any air dissolved 
in the influent, or may leak into the digester from the atmosphere, or be 
introduced into a sample due to poor sampling technique. It is important 
to separate it from methane in order to obtain the accurate analysis result. 
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vas usually considered a criterion in the evaluation of a column in this study. 
The object was to find the column which gave a maximum separation factor for 
N and cH
4 
mixtures under favorable operating conditions without unduly pro-
2 
longing the separation of N2 and co2 . 
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Chapter 3 
LABORATORY EQUIPMEN"T AND .. P.PP ARAWS 
The basic gas chromatographic analysis system consists of a gas 
chromatographic column to separate the sample of the gaseous mixture into its 
component gases, a detector to indicate the amount of each component gas present , 
and a recorder to record the signal delivered by the detector. The gas chromato-
graphic column (gas-solid adsorption column or gas-liquid partition column) i .s in 
general housed in a thermostatic oven which is maintained at a constant or 
programmed temperature. The detector may be a thermal conductivity cell (fila-
ment type or thermistor type) or an ionization detector (hydrogen or argon ray). 
In some commercial models both types of detector are employed. The recorder in 
general is a strip-chart, null-point voltage recorder with 0 to l millivoltage 
or 0 to 10 millivoltage full span. It should have a short time constant (two 
seconds or better). 
Accessories may include such items as flash heater to vaporize liquid 
sample, special injection device, or sample collectors, etc. 
A. Special Requirements for a Sludge Gas Analyzer 
While there are many different types of gas chromatographic analyzers 
on the market they must serve a variety of analytical needs, ranging from de-
terminations of high boiling point liquids to permanent gases. Not all gas 
chromatographic units are suitable for the analysis of sludge digestion gas, 
both in respect of first cost and sensitivity of detection. Most types of 
commercial gas chromatography units incorporate one or more of the following 
features which are unnecessary or useless for the analysis of sludge digestion 
gas components: 
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(l) Ionization detector: Both the hydrogen flame and the argon beta-
raY types of gas ionization detectors are insensitive to oxygen, nitrogen, carbon 
dioxide and hydrogen sulfide. Furthermore, the beta-ray detector is not sensi-
tive to methane. 
(2) Flashing heater: The function of the flashing heater is vaporiza-
tion of the liquid sample injected. Since sludge gas samples are alw·ays in t he 
gaseous state at or above room temperature, no vaporization is required. 
( 3) High temperature column oven: In the analysis of low boili.ng point 
compounds, such as sludge gases, low-column-temperature-operat ion is generally 
preferred. 
(4) Temperature programming : In the analysis of a multiple component 
gas mixture, complete separation of each component may require several optimum 
operating temperatures. The different temperatures of the column are created 
by so-called temperature programming t .'J drive the various components out of t he 
chromatographic column. The resolution of all sludge digestion gas mixtures 
could be achieved with a two-stage column and therefore temperature programming 
was not necessary. 
On the other hand, there are several special features which may not 
be provided by a commercial gas chromatography unit but nevertheless are es-
sential for the analysis of sludge gas: 
(l) Large size column oven: For the separation of nitrogen from 
methane it was found that a partition column of 60 to 80 ft length is required. 
The size of column ovens of most commercial gas chromatography units, designed 
f or the analysis of hydrocarbons and therefore requiring relatively short 
(4 to 12 ft) columns, are too small to accommodate these long partition columns. 
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(2) Non-corrosive column materials and other surfaces in direct con-
tact with the sample gas: Stainless steel and plastic tubing, such as polyet hy -
lene or Teflon, were found to be satisfactory column materials for sludge diges-
tion gas analysis. Copper tubing should be avoided because hydrogen sulfide may 
be present in the sludge gas. 
(3) High pressure gas flow system : The operation of two-stage 
columns demands an inlet pressure of 60 psig to assure an adequate gas flow rate o 
This pressure is relatively high compared to single-stage-colwnn chromatography 
for which 20 to 30 psig normally suffices. 
(4) Symmetric construction and egual response of the themal conduc-
tivity detector on both the sample and reference sides: During the two-stage 
column operation both sides of the cell are used alternately as the sensing cell. 
Therefore, symmetry of construction and response are essential features of the 
detection cell. 
(5) Range of recorder: The analysis of trace amounts of hydrogen 
sulfide in sludge gas demands a sensitive recorder, requiring a 0 to 1 mv range 
instrument. However, a 0 to 10 mv recorder is adequate for the analysis of 
methane and carbon dioxide. 
B. Sludge Gas Analysis System 
The gas chromatographic unit used for the present study consisted of 
three major components: (i) the chromatographic separation unit, (ii) the de-
tector and associated electric circuitry, and (iii) the automatic recorder. 
The separation unit included the gas flow system, sample injector, and gas 
chromatographic column as shown in Figure 2. The gas flow system was composed 
of a two-stage pressure regulator, capable of delivering pressure great er than 
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column) a soap film flow meter. The tubing through which the gas flow passed 
vas copper or plastic f or the section upstream from the sample injection block and 
stainless steel or plastic for the downstream section. The soap film f low met er 
w-as constructed by putting a r ubber bulb containing soap solution on t he bottom 
end of a 50 ml buret. The buret had a side tube connected to t he exha'l.:cst end of 
the gas flow system. The gas flow- rate could be accurately measured by recording 
the t ime required for the soap bubble t o travel a finite di stance on the scale of 
the buret. 
The sample injection block was constructed by placing a rubber ser-Llill 
5 cap over the center opening of a nylon tee and then covering it with a copper 
tubing nut. The gaseous sample was introduced by a hypodermic syringe) usually 
of 0.5 ml capacity) or smaller. The gas chromatographic column was placed in-
side a constant temperature oven. Temperatures up to 125°F could be satisfactor -
ily maintained originally with a 100 watt light bulb
6 
in an 8 in x 3 in insulated. 
oven. The metal plate over the bulb was arranged so that the natural convection 
of the warm air maintained the column at a uniform temperature. A bi-metallic 
thermostat) placed near the light bulb to increase the control sensitivity) 
+ 0 maintained the oven at a constant temperature within - 1 F over a temperature 
range from 80° to 125°F. 
An improved arrangement consisted of a fan) a two-stage 400 watt 
heater and a star shaped coil frame) shown in Figure 3. The temperature in 
the oven could be maintained at ~ 0. 2°F over a t emperature range from 70° t o 
{) 
.16o°F.. The heat-=r was also actuated by a bi-metallic thermostat. 
5 
6 
Silastic high temperature hypodermic injection seal) manufactured by the Loe 
Eng. Co.) Pasadena) Calif. 
Later converted to two banks of heaters that could be operated singly or t o-








TEMPERATURE CONTROLLED DETECTOR COMPARTMENT 
Figure 3· 
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The entire gas flow system and column was made of polyethylene tubing. 
0 
For an operating temperature above 160 FJ the polytheylene must be replaced by 
Teflon tubing. 
The detecting system consisted of two thermal conductivity cells7 and 
a Wheatstone bridge which have been described previously in the literature (35) 
(36)(37). 
To detect the components by means of their characteristic thermal con-
ductivitiesJ a comparison is made between the temperature of two electrically 
heated filaments) one surrounded by the unknown gas to be analyzed and the other 
by the reference gas. The temperature difference between the filament and the 
surrounding metal block isJ as a first approximation) inversely proportional to 
the conductivity of gas. The filament may be either a tungsten wire or a 
thermistor bead. Therefore) if the two filaments of the cell are heated by 
equal current and exposed to gases of different thermal conductivities) the 
resistance bridge will measure the degree of unbalance detectable with a milli-
voltage meter (for circuit diagram of the resistance bridge see Figure 4-1). 
The deflection of the instrument will be proportional to the temperature dif-
ference and the thermal conductivity difference. Both thermistor and filament 
type thermal conductivity cells are able to detect all the components in sludge 
digestion gas. A thermistor cell is about five to ten times more sensitive than 
a filament type cell in the low temperature range (near room temperature) in 
which the analysis of sludge gas is generally carried out (see Appendix IJ 
Table XIV). However) the thermistor cell is also much more sensitive to 
7 One of these was a filament typeJ Model NRL or 30SJ manufactured by the Gow-
Mac Instrument Co.J Madison) N.J.j the other a thermistor type cellJ Model 
TBS-4SJ manufactured by Industrial Instruments Inc.? Cedar Grove) N.J. 
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REGULATED POWER SUPPLY FOR FILAMENT TYPE THERMAL CONDUCTIVITY CELL 
Figure 4. 
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temperature changes in the cell block. A constant cell temperature with a 
better than~ 0.2°F stability must be maintained to obtain a stable base line 
on a o to 1 mv recorder. On the other hand, temperature fluctuations up to 
~ 1 °F will exert little effect on the stability of a filament type cell. The 
greater sensitivity of the termistor type cell offers little advantage for the 
routine sludge gas analysis, unless the detection of a trace amount of H2S is 
desired. Most experiments for the present study were carried out by filament 
type cells8 used in this laboratory. 
The filament current, which must be maintained at a very constant rate 
to insure the stability of the base line, was supplied by a regulated constant 
voltage supply which transforms 110 AC voltage to 9 volt DC with a constancy 
+ better than - 5 ~v. The complete circuit diagram of the specially developed 
power supply is shown in Figure 4-2. 
For automatic recording, a six-inch chart Varian9 0 to 10 mv recorder 
was used with a high degree of satisfaction for the routine analysis of methane 
and carbon dioxide in sludge digestion gas. This type of recorder can be pur-
chased in a low price range (approximately $500) and was found to b e quite 
adequate for routine sludge gas analysis. To detect any trace amounts of hydro-
gen sulfide, or other minor components, a 0 to 1 mv, 12-inch chart Wheelco
10 
recorder was preferred (about $900- $1,000). The response time of the record-
er should be two seconds (full chart range) or faster. 
8 
Types NRL and 308, manufactured by Gow-Mac Instrument Co., Madison, N.J. 
9 Model llA, manufactured by Varian Associates, Palo Alto, California. 
10 
Model 8000-1600, manufactured by Wheelco Industrial Instruments Division, 
Barber-Colman Company, Rockford, Ill. 
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c. Automatic Digester Gas Sampling Valve 
When it is necessary to analyze only a few samples daily, sampling 
vith a hypodermic syringe is a convenient and adequate method. However, if the 
analysis of a large number of samples is required each day, or if samples need 
to be taken with a high frequency to closely follow the progress of digestion, 
or it is desired to automatically control the digesti on process, an automatic 
sampling device, capable of collecting and injecting samples into the analyzer 
at pre-set time intervals becomes highly desirable. 
The first automatic sampling valve developed was of a rotary cam type _, 
connected with a Microbellows pump. The difficulty with this first model was 
the relatively large dead volume which caused contamination between two suc-
cessive samples injected. The second model, previously reported in the litera-
ture (38), completely eliminated the dead volume problem. However, no machine 
shop was able to produce the extremely high polish surface required between the 
two flat plates so as to slide against each other and maintain a perfect seal 
against any helium leakage between the high and low pressure sides. All re-
quirements were finally met in a third working model, shown in Figure 5, by 
replacing the two flat plates with two concentric cylinders, separated by 
rubber "o'' rings set into grooves on the outer surface of the inner, solid 
cylinder or plunger to effectively prevent gas leakage. 
This sampling valve operates on the following principle: Ports l and 
3 are connected to two different sample streams to be ~ analyzed, while port 2 
is lined up for the passage of carrier gas into the gas chromatographic unit. 
When the inner cylinder slide moves toward the right, the sample previously 
trapped in port l will be transferred to port 2, and carried directly into the 
gas chromatographic column. On the return trip, the movement of the inner 
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rt 2 for chromatographic analysis. 0 rlngs sea e between the ports pre-po 
vented the leakage of high pressure carrier gas into the sample streams. The 
latter was especially important when the gas production rate from laboratory 
digesters was measured, as leakage of helium would have provided inaccurately 
high gas production values. 
The movement of the sampling valve was actuated by two solenoids which 
were controlled by a timing device. The timing device was especially designed 
and developed to control as many as nine automatic sampling valves and there-
f ore could sample continuously from 18 separate digesters. The complete cir-
cuit diagram of the timing device is shown in Figure 6. 
Complete gas analyses from each of 18 digesters could be repeated for 
any pre-set time interval, say every six hours. To save chart paper and carr ier 
gas, the timing device also actuated and stopped the chart drive motor of the 
recorder and a gate valve to open and close the carrier gas flow to the analyzer . 
A marking device distinguished the completion of each run on the chart paper 
permanently. Typical chromatograms obtained with the automatic sampling 
system for two complete cycles from four digesters are shown in Figure 7· 
The automatic sampling valve could also be manually controlled to 
stop the cycle at any time and to perform an analysis for a particular digester 
by simply dialing a number and pushing a button. With the features incorporated 
in this sampling valve, a highly versatile research laboratory or operational 
control device has been developed. 
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SELECTION OF GAS CHROMATOGRAPHIC COLUMNS 
The heart of any ga s chromatographic analysis unit is the chromato-
graphic column. A major portion of the effort during the present studies was 
devoted to the determination of one or more of t he most suitable col·u.mn 
materials for sludge gas analysis , Over fifty different solid (adsorpt ion ) or 
liquid (partition) materials were studied and about t wo hundred columns were 
prepared and investigated. These columns can be divided into t wo general 
groups: gas-solid adsorption colunms and gas -liquid partition columns. 
A. Gas-solid Adsorption columns 
At the beginning of these studies, various t ypes of solid adsorption 
columns were prepared and evaluated. The adsorbents used for :packing materials 
include activated charcoal, silica gel, molecular sieves (13X and 5A), silica 
alumina and nickel sulfate. Particle sizes of the packing varied from 14 to 
100 mesh and column length from 4 inches to 12 feet. Typical chromat ograms 
obtained with some of these columns are :presented in Figure 8. 
(1) Activated Charcoal: Much of the early period of study was devoted 
to the activated charcoal column. The first column was made in a heavy wall 
pyrex tube, with a 5 mm bore, :packed with 42 inches of 80 mesh activated 
charcoal and some separation between N2 , CH4 and co2 was achieved . Too great 
a :pressure drop across the column and too long an elution time (up t o 45 min 
for co2 ) made such a column impractical. Later, the length of the column was 
reduced to 25 em. Improved separation between N2 , CH4 and co2 were obtained, 
although considerable tailing f or the co
2 
still :prevailed . The firs t column 












Column Data for Figure 8 
Figure 8-1: Molecular sieves 5A 
Column: Molecular sieves 5A, 14-28 mesh, 6 feet, 4mm I.D.; Carrier gas: Helium· , 
Column temperature: 76~; Filament current: 120 rna. 
A. Sampie: 5.0 ml synthetic mixture (70.0% H2 , 6.7% 02 , 0.1% A, 23.4% N2 ) 
Flow rate: 76 mi/min 
B. Sample: 1.~ ml s~thetic 
Flow rate: 100 ml/min 
C. Sample: 1.0 ml synthetic 
Flow rate: 100 ml/min 
mixture (66.4% H2, 7.1% 02, 0.3% A, 26.2% N2 ) 
mixture (1.1% 02, 0.06% A, 4.1% N2, 94.7% CH4) 
Fig~re 8-2: Molecular sieves 13X 
Column: Molecular sieves 13X, 14-28 mesh, 6 feet, 4 mm I.D.; Carrier gas: Helium; 
Column temperature: 76~; Flow rate: 72 ml/min; Filament current: 120 rna. 
A. Sample: 5.0 ml synthetic mixture (91.0% H2, 1.9% 02, 0.1% A, 7.0% N2) 
B. Sample: 1.0 ml sludge gas (o.o6% 02+A, 0.45% N2 , 67.20% CH4, 32.29% co2*) _ * C02 is irreversibly adsorbed by the column; therefore, no chromatogram 
of C02 appears. 
Figure 8-3: Silica gel 
Column: Silica gel, 28-48 mesh, 4 mm I.D.; Carrier gas: Helium; 
Filament current: 120 rna. 
A. Column length: 12 feet 
Sample: ·1.5 ml sludge gas (1.93% N2, 62.60% CH4, 35.43% C02) 
Flow rate: 80 ml/min; Column temperature: 130~ 
B. Column length: 8 feet 
Sample: 0.5 ml air plus 0.5 ml CH4 Flow rate: 65 ml/min; Column temperature: 80°F 
Figure 8-4: Activated charcoal 
Column: Activated charcoal, 28-48 mesh, 7 inches, 4 mm I.D. 
Sample: 0.5 ml sludge gas (7.7% N2 , 57·7% CH4, 34.6% C02); Flow rate: 85 ml/min 
Carrier gas: Helium; Column temperature: 75DF; Filament current: 120 rna. 
Figure 8-5: Changes in polarity of H2 peaks caused by the change in sample size 
Column: Molecular sieves 13X, 14-28 mesh, 6 feet, 4 mm I.D. 
Samples: H2 and air mixture (95.0% H2, 1.1% 02+A, 3.9% N2 ) with sample size 
varied from 0.1 ml to 4.0 ml; Flow rate: 72 ml/min 
Carrier gas: Helium; Column temperature: 75~; Filament current: 170 rna 
Figure 8-6: Silica alumina 
Column: Silica alumina, 40 mesh, 2 feet 
Flow rate: 90 ml/min; Carrier gas: Helium; 
Filament current: 120 rna 
A. Sample: 0.5 ml NH3 plus 0.5 ml N2 
B . Sample : 0 . 5 rnl N2 · 
C. Sample: 0.5 ml NH3 
~~- ...... ~ 
_<;£() 
Column temperature: 75~F; 
* Figure 8-7: Detection of small amount of H2 from air, N2 or sludge gas 
Column: Molecular sieves 13X, 14-28 mesh, 6 feet, 4 mm I.D.; Flow rate: 84 ml/min 
Carrier gas: Nitrogen; Column temperature: 74DF; Filament current: 130 rna 
A. Sample: 5 ml air plus 26 ppm of H2 
B. Sample: 5 ml nitrogen(**) plus 0.05 ml 0~ and 26 ppm of H2 
C. Sample: 5 ml sludge gas (65.7% CH4, 25.8~ C02, 8.0% N2, 0.5% 02+A plus 
* Polarity of the recorder signal was reversed; therefore, the positive peaks 
appearing in this figure are really negative and vice versa. 


















28-48 mesh size in 4 mm I.D. copper tubing. With a flow rate of 80 ml/min, a 
pressure drop of less than 1 psi across the column was achieved. Separation 
between nitrogen and methane was incomplete as shown in Figure 8-4. By either 
increasing the column length or reducing the mesh size of the charcoal particles, 
the nitrogen to methane separation could be completed, but this column modifica-
tion also increased the tailing of co2 significantly. Therefore, optimum 
length of this column was established at between 5 and 7 inches. Activated 
charcoal adsorbs H2S and NH3 
irreversibly; thus no peaks for these two compo-
nents will show up in the chromatogram, even if these gases exist in the sludge 
gas sample. 
The retention volume and plate efficiency for CH4 and co2 in a 7-in 
charcoal column under normal operating conditions for sludge gas analysis 
are listed in Table I. 
TABLE I 
Retention Volume and Plate Efficiency for 7-in Charcoal Column 
Column: 7-in activated charcoal, 28-48 mesh, 4 mm I.D. copper tubing 
Temperature: 75°F 
Carrier gas: Helium 
Flow rate: 85 ml/min 
Component Retention 11 Apparent 11 Number of 11 Plates per foot 
Volume (ml) Retention Theoretical of Column 
Volume (ml) Plates Length 
N 12 
2 17.0 0 18.0 31.9 
CH
4 31.1 
14.1 31.4 38.4 




See page 21 footnote 4 for explanation. 
ll 
-40-
(2) Silica gel: Silica gel is a moderate adsorbent compared to 
activated charcoal. Therefore, a longer column is generally required. At 
room temperature, or slightly above . (80°F), a 4-ft silica gel column, 28-48 









was achieved by increasing the colUmn length to 12 feet. At the same time , 
however, the retention time for C0
2 
increased to 17.5 min at a flow rat e of 
75 ml/min. By raising the column temperature to l30°F, the retention time 
for co
2 
was reduced to 6.8 min with the 12-ft column, and a much sharper co
2 
peak was obtained. However, the degree of separation between N2 and CH4 was 
slightly decreased. 
At room temperature, silica gel is inclined to absorb moisture from 
wet gas samples collected directly over the · ~ sludge in the digester. These 
samples are nearly saturated with water vapor. Consequently, with the con-
tinued use of the column the resolving power will decrease, indicated by 
shorter and shorter retention times for co2 and poorer separation between N2 
and methane. The life of the silica gel column will be considerably prolonged 
when the column is operated under higher temperature. At 130°F, no significant 
change in the retention time of co
2 
was observed for 3 to 4 weeks of continuous 
operation with 18 analyses (20 to 30 sample injections) performed daily. 
Laboratory data to substantiate no measurable changes for 27 days are shown 
in Table II. 
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TABLE II 
Changes of co2 Retention Time with Age in a 12-ft Silica Gel Column 
(Column Temperature = 130°F) 
Date co2 Retention Time 
4/2/58 412 seconds 
4/3/58 419 seconds 
4/5/58 411 seconds 
4/7/58 414 seconds 
4/9/58 406 seconds 
4/11/58 410 seconds 
4/12/58 416 seconds 
4/16/58 416 seconds 
4/17/58 413 seconds 
4/18/58 413 seconds 
4/21/58 414 seconds 
4/23/58 412 seconds 
4/28/58 408 seconds 
4/30/58 392 seconds 
To rejuvenate a silica gel column) the moisture may be removed by 
raising the column temperature to 220°F for three to four hours and 
simultaneously purging the column with carrier gas. Since the chromato-
grams of sludge gas components obtained from the silica gel column are more 
symmetrical than that from an activated charcoal column (compare Figures 8-3 
with 8-4)J the 12-ft silica gel column) packed with 28-48 mesh particles) 
replaced the charcoal column for routine analysis. The silica gel column 
was operated at 130°F with a flow rate of 80 ml/minJ using helium as carrier 
gas. Beginning with October) 1957J this column served the gas analysis for 
three experimental sludge digestion runs covering a. half year period with 
16 to 20 analyses performed daily. By means of the periodic rejuvenation 
method mentioned aboveJ the column was still in excellent operating condi-
tion without any permanent deterioration noted. The silica gel column 
separates the major components of sludge gasJ i.e.J nitrogen (including 
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Several columns containing combinations of silica gel and activated 
charcoal were investigated. However, no advantage could be obtained from 
such a combination because of the very strong adsorptivity of activated 
charcoal toward carbon dioxide. 
Table III lists the retention volume and plate efficiency of a 
12-ft silica gel column. 
TABLE III 
Retention Volume and Plate Efficiency for 12-ft Silica Gel Column 
Column: 12-ft silica gel, 28-48 mesh, 4 mm I.D. copper tubing 
0 Temperature: 130 F 
Carrier gas: Helium 
Flow rate: 80 ml/min 
Component Retention Apparent Number of Plates per 
Volume (ml) Retention Theoretical Foot of Column 
Volume (ml) Plates Length 
N2 120 0 104 8.7 
CH
4 132 12 152 12.7 
C02 152 32 165 13-7 
(3) Molecular Sieves: Molecular sieves are a form of silicate 
crystal which provide regular networks of channels with diameters in the 
same order of size as that of molecules. · Consequently, such crystals 
supposedly can act as "sieves" and bring about a separation of molecular 
species by occluding small molecules, while not adsorbing larger molecules 
or molecules with shapes that do not "fit" (39). Apparently, this general 
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assumption is not always true. For example, type 5A molecular sieves which 
0 0 
have a channel diameter of 5A, adsorb NH
3 




(m.d. = 3.28A) rapidly, but only slightly adsorb oxygen (m.d. = 2.92A), 
0 
nitrogen (m.d. = 3.15~) and helium (m.d. = 2.65A) at room temperature. 
The two types of molecular sieves which have been used are types 
5A and l3X 13 . The sieves, in the form of l/16-in pellets originally, were 
ground and screened to 12-28 mesh, then dried at 600°F for 2 to 3 hours. 
Initially 7-in long columns were studied. At room temperature, with a 





), while type l3X could not separate any 
of these components under the same conditions. Both columns adsorbed 
co
2
, H2S and NH3 
·irreversibly. After their length was extended to 6 ft 
both columns showed good separation for H
2
, o2 , N2 and CH4 , but still 
adsorbed co2 , H2S and NH3
, irreversibly. Some of these results are shown 
in Figures 8-l and 8-2. Argon was eluted at the same time as oxygen and 
therefore could not be identified separately
14
. From a comparison of the 
retention volumes of both 5A and l3X sieve columns, as shown in Table IV, 
it is evident that type 5A exhibits the greater resolving power. 
l3 Products of Linde Air Products Co., Tonawanda, New York. 
14 By using nitrogen instead of helium as the carrier gas, it is possible 
to distinguish argon from oxygen because the former produces a nega-
tive peak whereas the latter would produce a positive peak. A sample 
taken from an experimental digester was analyzed in this way by a 
12-ft molecular sieve 5A column and a negative peak appeared. The 
argon gas present in the sample must have originated from atmospheric 
air. The presence of argon gas thus confirmed the statement on 
page 21, footnote 4, that the nitrogen present in the sludge sample 




Retention Volume and Plate Efficiency for 6-ft Molecular Sieve Columns 
Column: 6 ft Molecular Sieves, 12-28 mesh, 4 mm I.D. copper tubing 
t 76oF Tempera ure: 
Carrier gas: Helium 
Flow rate : 72 ml/ min 
Component Retention Apparent Retention Number of Plates per 
Volume (ml) Volume (ml) Plates foot of 
Column Length 
13X 5A 13X 5A 13X 5A 13X 5A 
R 2 59-5 53.0 0 0 92 106 15.3 17-7 
02 87.6 104.5 28.1 51.5 121 142 20 .2 23.6 
N2 110.0 139.0 6o.5 86.0 110 180 18.3 30.0 
CH4 191.0 303.0 131.5 250.0 191 158 31.8 
26.4 
Since molecular sieves are the only adsorbent so far known which 
can separate nitrogen and oxygen, they could be very useful columns to check 
on the presence of oxygen in a digester. 
Another feature of interest of molecular sieve columns are their 
resolving power for hydrogen. By using nitrogen, instead of helium as the 
carrier gas, the molecular sieve columns are very sensitive to the detection 
of H2 gas. Further details will be discussed in Chapter 6, Part A , "The 
Analysis of Hydrogen." 
(4) Silica Alumina: A 2-ft column, packed with 40 mesh size particlesj 
was studied. At room temperature and with a 90 ml/min helium flow rate, 
the silica alumina column was not able to separate any of the following 
As the flow rate was decreased to 
10 ml/min, some separation between N2 and NH3 
was noticeable. This column 
:material may be suitable for the analysis of NH
3 
from sludge gas if the 
~roper collimn temperature and length are employed. 
-45-
(5) Nickel Sulfate: A 50-in column, packed with 4-ft Niso
4 
and 





. However, the separa-
tion between N2 , CH4 and C02 was poor, their retention volumes being approx-
imately equal. This column may be useful for the separation of H2S from 
sludge gas . 
. (6) Duolite Cation Resin: The resolving power of sludge gas by a 
24-in duolite cation exchange resin15 column at., ·a helium flow rate of 
60 ml/min was studied. None of the components in sludge gas were eluted 
in a reasonable time. Therefore, it was concluded that the adsorbent 
quality of this exchange resin is too great for use as a chromatographic 
column material for digester gases. 
(7) Wash Oil: Both naphthalene and paraffin base wash oils were 
coated on activated charcoal (coating ratio of 10:100 of liquid to solid by 
weight) in an effort to decrease tailing. The adsorption power of the 
column was completely lost; all components of sludge gas eluted simul-
taneously. 
B. Gas-Liquid Partition Columns 
In the application of gas chromatography to sludge digestion gas 
analysis partition columns generally have an advantage over adsorption 
columns because the former produce chromatograms which are sharper and 
more symmetrical. 
Since it has been generally believed that partition columns are 
better suited for the analysis of the high-boiling point organic vapors, 
the literature is devoid on their application to low boiling point gases, 
15 Duolite 0-6o phosphoric cation exchanger, a product of the Chemical 
Process Company, 901 Spring Street, Redwood City, California. 
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such as nitrogen or methane. However, during the course of the studies 
described herein, a number of different liquid coatings were evaluated 
which included: (a) di-n-butyl maleate, (b) tri-m-cresyl phosphate (T.C.P.), 
(c) glycerine, (d) stearic acid, (e) tri-iso-butylene, (f) tetra-iso-
butylene, (g) dimethyl sulfolane, (h) squalane, (i) silicone grease, 
(j) silicone oil and (k) Triton X-100. The formulas and boiling points 
of these partition liquids are listed in Table V. 
In view of the fact that there was little information, and even 
less actual data available on the behavior of partition liquids toward 
individual, low-boiling point gases, or mixtures of these gases at the 
initiation of these studies, it was necessa~ to undertake a systematic 
examination of the ability of various stationary phase liquids to resolve 
sludge gas mixtures. 
(1) General Methods for the Preparation of Partition Columns: The 
liquid coating was dissolved in pure ether or carbon tetrachloride, the 
former solvent being preferred. The total volume of coating liquid plus 
solvent was made to equal the volume of the solid support material, in 
order to completely cover the solids during coating. After the ratio of 
coating liquid to solid support was fixed, the amount of solvent needed 
was obtained by difference. The solution was then coated on either 
Celite
16 
or C-22 firebrick17 which had been. ground to various mesh size 
ranges. The ranges generally used for C-22 firebrick included: 18-35, 
28-48, 35-50. The coated particles, after having been thoroughly dried 
16 
Celite 545, a diatomite filter aid, is a product of the Celite Divi-
sion, Johns-Manville Company, 22 East 40th Street, New York 16, N.Y. 
17 C-22 insulating firebrick is a product of Johns-Manville Company, 
22 East 40th Street, New York, N.Y. 
TABLE V 
Formula and Boiling Points of Partition Liquids 
Chemical or 
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Hodgman, C.D., Handbook of Chemistry and Physics, 42 ed., Chemical 








Eas~man Organic Chemicals, 42 ed., Distillation Products Industries, 
Rochest er, New York, 1960 
(c) 
Keulemans, A.I.M., Gas Chromatography, 2nd ed., Reinhold Publishing 
Co., New ·York, New York, 1959, p. 222 
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in the open air, were packed into 4 mm I.D. copper tubing. According to 
Keulemans (40), the ratio of stationary liquid to inert support may vary 
from 20:100 to 50:100 parts by weight. When the liquid ratio becomes too 
low, say 15:100, the support material may exhibit sufficient adsorptivity 
to cause tailing of the solution peaks. For small samples, up to about 
0.5 ml, a liquid support material weight ratio as low as 15:100 can be 
used to advantage. To separate large sample volumes it is advisable to 
use a fairly high liquid to solid support ratio. In general, a ratio of 
40:100 by weight was used throughout these investigations. With the neces-
sary precautions, a properly charged column can be used for several 
thousand gas analyses. A discussion of the results obtained from the 
systematic examination of various stationary phase liquids follows: 
(2) Silicone Grease: Over twenty different columns were prepared 
"th "1" . t• 18 Wl Sl 1cone grease coa 1ngs . Using 28-48 mesh C-22 firebrick as the 
stationary support, the column length was varied. Also, various ratios 
of liquid coating to inert solid were studied. A 10-ft column with a 
10:100 by weight ratio between liquid and solid was not able to resolve 
any of the components normally contained in sludge gas. As the liquid to 
solid ratio was increased to 35:100 the nitrogen and carbon dioxide began 
to be separated. The retention volume between N2 and co2 peaks was found 
0 to be equal to 20 ml for a 7-5 ft column at 70 F. The separation was 
further improved when a heavier coating of a 60:100 ratio was used. 
Ultimately, the complete separation between N2 , co2 and H2s was achieved 
by 24-ft column of this type, although the separation between N2 and CH4 
was incomplete. 
18 
Dow Corning silicone stopcock grease, a product of Dow Corning Corp., 
Midland, Michigan. 
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lengths varying from 1/8-in to 4-in activated charcoal, 28-48 mesh, were 
added in series to the silicone grease column. The activated charcoal 
greatly improved the separation between N2 and CH4 but seriously reduced 
the peak height and impaired the symmetry of _the co2 and H2S chromatograms. 
It was further established that if the activated charcoal was added to the 
exit side, instead of at the entrance to the column, it would improve resolu-
tion and produce less tailing of the co2 . Typical chromatograms obtained 
with these columns are shown in Figure 9. 
The desired separation between N2 and CH4 was finally achieved 
by increasing the length of column to 71 feet without any charcoal. At 
this length, the N2 and CH4 
still overlapped slightly. However, the column 
provided the required degree of accuracy for the quantitative analysis, 
based on the measurement of peak heights, as may be seen in Figure 7· A 
further increase of column length to 81 feet did not improve the separa-
tion between any of the components because the column efficiency decreased 
due to an increase in the pressure drop across the column. 
It was determined that silicone grease columns absorb NH
3 
irreversibly, therefore no peak emerged fran the column unless a 5 ml or 
larger sample of NH
3 
was used. Some degree of irreversible adsorption of 
H2S was also noted. One or two milliliters of H2S should be injected 
into the column to presaturate it before each analysis. Table VI 
summarizes the more important observations from silicone grease columns, 










Column Data for Figure 9 
Figure 9-l: 
Column: Silicone grease coating on c22 firebrick (ratio 60:lOO)J 4-3/4 ft. plus 
3 in. activated charcoal; both 28-4t3 meshJ 4 mm I.D. 
Sample: Mixture of 1.0 N2J 1.0 ml CH4J 1.0 ml co2 and 3 ml ~S 
Fl-ow rate: 80 ml/min; Column temperature: 75~; Carrier gas: Helium 
Filament current: 100 rna 
Figure 9-2: 
Colvnm: Silicone grease coating on c22 firebrick (ratio 60:l00)J 24ft. 
plus l/2 in. activated charcoal) 2t3-48 meshJ 4 mm I.D. 
Sample: Mixture of 0.5 ml N2 with 1.0 ml H2S 
Flow rate: 206 ml/min; Column temp~rature: 108~; Carrier gas: Helium 
Filament current: 120 rna 
Figure 9-3: 
Column: Silicone grease coating on c22 firebrick (ratio 60:l00)J 28-48 meshJ 
12 ft . J 4 mm I o D o 
Sample: 1.0 ml sludge gas (3.1% N2J 69.2% CH4J 27.7% C02) 
Flow rate: 85 ml/min; Column temperatuTe: 38~; Carrier gas: Helium 
Filament current: 120 rna 
Figure 9-4: 
(ColumnJ flow rateJ carrier gasJ temperature and current same as for Fig. 9-3) 
Sample: Mixture of 1.0 ml N2 and 0.5 ml H2S 
Figure 9-5: 
Column: Silicone grease coating on C22 firebrick (ratio 60:100)-J 28-48 meshJ 
24 ft. 4 mm I.Do 
Sample : Mixture of 0 . 4 ml N2 and 1. 5 ml NH 3 
Flow rate: 100 ml/min; Column temperature: 75~; Carrier gas: Helium 
Filament current: 120 rna 
Figure 9-6: 
(Column) carrier gasJ temperature and current same as for Fig. 9-5) 
Sample: 1.5 ml sludge gas (2.1% N2 J 70.5% CH4J 27.4% C02) 
Flow rate: 70 ml/min 
Figure 9-7: 
Column: Silicone grease coating on C22 firebrick (ratio 60:l00)J 28-48 meshJ 
24 ft.J plus another silicone grease column (ratio of silicone to c22 - 1:1), 
14-28 meshJ ll ft., 4 mm I.D. 
Sample: 1.5 ml sludge gas (2.9% N2, 67.1% CH4J 30.0% C02) plus 0.5 ml H2S 
Flow rate: 90 ml/min; Column temperature: 780F; Carrier gas: Helium 

















Retention Vo~umes~~f S~li~one Grease Columns 











4-3/4 fi;; t 





12 ft + 




Apparent Retention Volume (ml) 
24 ft(a) 35ft 71 ft 4-3/4 ft + l2 ft + 
3 in Ac(h) 3 in AC 
0 0 0 0 0 
12 14 22(c) 14 26 
46 75 · 89(c) 55 143 
162 '277 337 
24 ft + 
l/2 in AC 
196 
24 ft + 





·24 ft silicone grease column, 28-48 mesh of C-22 firebrick, 35:100 
liquid -to solid ratio. 
(b) 
(c) 
4-3/4 ft silicone grease -column, 28-48 mesh .of C-22 firebrick, 35:100 
liquid to solid ratio but to which has been added a 3 in activated 
charcoal, 28-48 mesh at the column exit. (The activated charcoal 
additions reported in this Table were all at the column exit.) 
The volume reported here has been corrected for the effect of the 
pressure gradient across the column. The correction is necessary 
because of the excess l~ngth of the particular column. 
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(3) Tri-meta-cresyl phosphate (~.C.P.): Based on preliminary 
results achieved and reported earlier (41), twelve partition columns with 
T.C.P. as the .stationary liquid were prepared. The tri-meta-cresyl phos-
phate was dissolved in ethyl ether or in . carbon tetrachloride and coatea 
on C-22 firebrick in a ratio of 40:100 to the inert support. In the 
majority of the cases, a short length of adsorbent was added to improve 
the separation of gaseous components. The columns varied from 6 to 270 ins 
as shown in Table VII, which lists the physical characteristics of the 
twelve columns. 
TABLE VII 
Description of Various "T. C .P. n Columns , J· .. ,
Column Type of Mesh size of Column Column 
Number Column Inert Solid Modification Length 
(in) _ 
13 T.C.P. on C-22 18 None 72 
21 T.C.P. on C-22 35 None 6 to 18 
19 T.C.P. on bent·oni te 25 None 105 
25 - T.C.P. on C-22 28-48 None ( ) 270 
8 T.C.P. on C-22 18 1/4 in charcoal a 72 
20 T.C.P. on C-22 18-35 4-3/4 in charcoal I 72 to 148 
22 T.C.P. on C-22 35 Variable in of ch(r)oal 144 
14 T.C.P. on C-22 25 1/4 in silica gel a 108 
17 T.C.P. on C-22 25 1.0 in silica gel(a{ ) 108 ' 
15 T.C.P. on C-22 25 2-1/4 in silica gel a 108 
16 T.C.P. on C-22 25 2-1/4 in silica g{l)and 
1.0 in charcoal a 108 
18 T.C.P. on bentonite 25 1/4 in silica gel(a) 105 
(a) At entrance to column. 
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Those columns without the addition of short lengths of adsorbent 
(Column Nos. 13, 21, 19) showed only a poor separation between CH4 and co2 . 
Partial separation was achieved only after extending the column length to 
270 inches (Column 25)~ Separation between N2 and CH4 was hardly distin-
guishable even at this column length. However, the separation between 
co2 and H2S was complete for even shorter column lengths. 
T4e ·addition of 1/4 to 4-3/4 in charcoal (35 mesh) at the entrance 
of the T.C.P. column achieved an improved separation between N2 , CH4 and 
co2 . However, ammonia was irreversibly adsorbed, and the co2 and H2S 
tailed more than that observed with plain T.C.P. coated columns. These 
results were ascribed to the action of the short charcoal column. 
The addition of short lengths (from 1/4 in to 2-1/4 in) of 





is achieved with 1.0 in of this adsorption medium. No advan-
tages were gained. from either the combination of 2-1/4 in silica gel and 
1.0 in charcoal with T.C.P. coated on C-22 firebrick or from 1/4 in 
silica gel added to 9 ft of T.C.P. coated on bentonite. 
(4) Glycerine: Four columns with glycerine coated on C-22 fire-
brick, 35-50 mesh, in the ratio of 40:100 by weight, var,ying from 4 to 12 
feet in length, were studied. The 4-ft column was unable to separate 
between N2 , CH4 and co2 . With a 6-ft column some slight improvement was 
noted. As the length was increased to 12-ft, excessive tailing, even for 
CH4 , made this column unsuitable for analysis. 
(5) Stearic Acid: A 6-ft column with a weight ratio of 40:100 
stearic acid to inert support (C-22 firebrick 35-50 mesh) was made. The 
degree of separation achieved between N2 , CH4 and C02 was so small (elution 
times were found to be 3.62, 3.7 and 3.84 min, respectively, at a flow rate 
of 22 ml/min) that no further work was done with this column. 
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( 6) ~i-ioo-butylene: 19 Two columns, 30 ft and 67 ft long, were 
studied. Both columns were packed with 28-48 mesh C-22 firebrick, coated 
with tri-iso-butylene at a ratio of 45:100 liquid to solid. Poor separa-




Tetra-iso-butylene: Since early results appeared very promising, 
the use of tetra-iso-butylene as a column coating l:_t._quid was studied inten-
sively. Ten columns were made and the length~ varied from 78. to 996 inches. 
All columns were packed with 28 to 48 mesh C-22 firebrick, coated with 
tetra-iso-butylene at a ratio of 40:100 liquid to solid. While a 210 in 
long column yielded complete separation between N2 and H2S, a 570 in long 
column was required to separate N2 from co2 . A 636 in long column partially 
separated N2 arid CH4





was noticed. The latter was further confirmed by careful 
measurement of the retention times for 02 and N2 . These retention data, 
along with the retention times for hydrogen, methane and carbon dioxide, 
are listed in Table VIII. 
For all the gas-liquid partition columns which had been previously 
tested, nitrogen and oxygen had the same ·retention time. This means that 
these columns could not separate oxygen from nitrogen. However, a small, 
but distinguishable difference between the retention times of nitrogen 
and oxygen was noted for this column. 
19 
20 
Tri-iso-butylene is manufactured by Eastman Organic Chemicals, a 
division of Eastman Kodak Company, Rochester 3, New York. 
Tetra-iso-butylene is manufactured by Eastman Orgaaic Chemicals, a 
division of Eastman Kodak Company, Rochester 3, New Yo~k. 
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TABLE VIII 
Retention Times Measured from a 636-in Tetra-iso-butylene Column (*) 
Component Sample Size ~ml) Retention Time (sec) 
H2 0.1 307 ·5 
H2 1.0 308.0 
N2 0.1 308.0 
N2 1.0 309.0 
02 0.1 313.0 
02 1.0 312.0 
CH4 0.1 349.0 
CH4 1.0 349.0 
C02 0.1 442.0 
C02 1.0 441.0 
(*) Note: Shorter tetra-iso-butylene columns were known to 
separate H S from the other gas components. Therefore, 
with this ~articular column no retention times for H2S were measured. 
There are two other conclusions which may be drawn fran the data 
shown in Table VIII: (a) the column does not separate hydrogen and nitrogen, 
and (b) up to a sample size of 1.0 ml, the retention time is independent of 
the sample size. 
The column finally selected for the routine , analysis was 746 inches 
long. This column completely separated N2 , co2 and H2S and almost completely 
separated N2 from CH4 . At a helium flow rate of 120 ml/min and a column 
temperature of 78°F, it was found th~t for the same volume of samples 
(1.5 ml), the peak height of CH4 (6.60 units) is almost the same as that 
for co2 (6.79 units). On the other hand, N2 showed a much higher peak 
(7.87 units) than that for air (6.20 units), i.e., a peak composed of 
oxygen and nitrogen. Since the thermal conductivities of oxygen and 
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nitrogen are almost equal, the lower peak height of air can only be 
explained by the fact that the chromatogram for air is actually composed 
of two slightly separated chromatograms, i.e., nitrogen and oxygen. The 
width of the composite air 'peak is broader than a single chromatogram of 
nitrogen and consequently the peak is lower than the peak produced from 
an<' equal size sample of nitrogen. 
(8) Dimethyl Sulfolane: This liquid coating has been recommended by 
Keulemans (42) for the separation of light hydrocarbons (c1 to c5
). A 
12-ft column packed with 28 to 48 mesh C-22 particles, coated with dimethyl 
sulfolane in a ratio of 30:100 (liquid -to solid by weight) was studied. 
It showed a superior separation between CH4 and co2 compared to any of 
the other gas-liqu:l.d parti t .ion columns which had been heretofore studied. 
However, the separation between N2 and CH4 was poorer than that obtained 
from tri-meta-cresyl phosphate and tetra-iso-butylene columns. Because of 
the relatively high volatility of dimethyl sulfolane, the column could not 
be operated at a temperature exceeding 100°F. No ethane or higher hydro-
carbons were observed in sludge gas with this column . 
. ( 9) Squalane: Squalane is a saturated hydrocarbon with a large 





) . . The formula and boiling points are given in Table V. The theory 
of solution, according to Hildebrand and Scott (43), states that a 
saturated hydrocarbon is a favorite solvent for another saturated hydro-
carbon. Therefore it was expected that squalane would be a preferred 
solvent for methane, the first member of the saturated hydrocarbon series.· 
The increase of solubility was expected to improve the separation between 
nitrogen and methane, provided that the solubility of nitrogen in 
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squalane would not increase proportionately with that of the CH4 . 
Experimental results from a 756 in long column packed with squalane-
coated C-22 firebrick, 28-48 mesh, with a coating ration of 50:100 (liquid 





was comparable with that achieved by tetra-iso-butylene. 
However, squalane did not show any separation between oxygen and nitrogen, 





than that obtained by the tetra-iso-butylene 
column since the separation was complete with the latter column but a 
slight overlapping resulted when the former column was employed. The 




S, although the distance 
between co
2 
and H2S peaks was less than that obtained with the tetra-iso-
butylene column. 
Another squalane column was packed with 28-48 mesh C-22 firebrick 
particles and a coating ratio of 30:100 liquid to solid into a 1080 in long 
and 1/8 in I.D. polyethylene tube. This col·wmn was connected in series 
with the 756 in cplumn j ust discussed. The combined column produced a 
wider separation between N
2
, CH4 and co2 peaks. However, because of the 
strong longitudinal diffusion effect of a column of such length, the 
lower portion of the three peaks - close to the base line - still over-
lapped slightly. The results prove that complete separation cannot be 
achieved by simply increasing the length of a column. 
The squalane column did not t emporarily retain, nor irreversibly 
adsorb, ammonia. Ammonia samples were eluted from the column with the 
same speed as nitrogen. 
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There can be three conditions imposed on a sample injected into 
a column for gas chromatographic separation into its individual components: 
(a) the component is temporarily retained, giving rise to separation 
and identification; 
(b) irreversible adsorption, the sample is permanently adsorbed; and 
·· (c) the sample . is eluted at the same rate of speed as carrier .gas 
·;.;hich will show no separation. 
For the squalane column, CH4 and co2 follow case (a), H2S follows 
case (b), and nitrogen follows case (c). 
(10) Silicone Oil 550: The -resolving power of silicone oil 55021 
liquid coating was found to be comparable with that of silicone grease. 
The former was better for the separation of N2 from co2 but was slightly 
poorer for the separation of N2 from CH4. The quality of resolution between 
CH4 and co2 was equal for both liquids. 
The irreversible adsorption of H2S which occurred in the silicon~ 
oil column, as well as in the other columns described heretofore, was 
studied intensively for this particular column. A total of twenty columns, 
coated with silicone oil 550, were prepared to invest igate the effects of: 
(a) varying coating ratio and (b) pre-treatment of solid supporting material 
on irreversible adsorption. The details of this study are presented in 
Chapter 6, Section B, "The Analysis of Hydrogen Sulfide." 
(11) Triton X-100: 22 This solvent exhibited the greatest resolving 
power toward the separation between co
2 
and H2S, compared to all other 
partition liquids mentioned. The separation between CH4 and C02 is also 
21 
Silicone Oil 550 is manufactured by Dow Corning Corp., Midland, Mich. 
22 
Triton X-100 is manufactured by Rohm and Haas, Philadelphia 5, Penna. 
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slightly improved over that achieved by squalane and silicone oil 550. The major 
disaQvantage of Triton X-100 is -that it cannot separate N2 from CH4. 
Summa;Y of Experimental Results and Conclusions 
In order to compare the resolving power of the stationary phases, 
i.e., both solid adsorbents and partition liquids, on a quantitative basis, 
the specific retention volume of sludge gas constituents in the stationary 
phases of colunms which resolved two or more components of sludge gas, are 
present ed in Table I X. 
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TABLE IX 
Specific Retention Volume ·for Sludge Gas Components 
Eluted from Solid and Liquid Adsorbents 
Column Adsorbent 











5ilicone Oil 550 ** 




Dimethyl Sulfolane ** 



































































* These values are only relative retention volumes, referred to V0 for 02 or co2 as 1.0. No absolute value can be calculated because in the earTy stage of 
these investigations the weight of adsorbent packed into the column was not 
determined. 
** No separation between the component and inert carrier gas. 
+ The component is being adsorbed irreversibly. 
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Chapter 5 
DETERMINATION OF OPTIMUM OPERATING CONDITIONS 
A. Effect of Flow Rate 
According to Van Deemter's (44) theory, column efficiency is a 
function of the linear flow rate of carrier gas inside a chromatographic 
column. Theoretically, there is an optimum flow rate at which the column 
performs most efficiently. However, due to the compressibility of the 
carrier gas, the linear velocity of carrier gas across a column is not 
uniform. An increase in the flow r.ate is always accompanied by an in-
crease of pressure drop across the column. The pressure gradient creates 
the correspondent linear velocity gradient across the column. To optimize 
the linear velocity along a selected sect.ion of a column may force the linear 
velocity in the other sections of the column to become too high or too low 
to be optimum. Therefore, the overall effect of optimization is diminished 
for a long column when a large pressure gradient exists across the column. 
To illustrate, the column efficiency, expressed as the '-number 
of theoretical plates, of a 35-ft column appears to be fairly independent 
of the flow rate in the range of 32 ml/min to 140 ml/min as shown by the 
experimental data presented in Table X. For a short, (4-3/4 ft) column, 
with a small pressure gradient, column efficiency increased with the 
increase of flow rate. 
The concentration of sample gas in the elution stream is in-
versely proportional to the flow rate. Therefore, a constant flow rate 
is one of the most essential factors to achieve reproducible results for 
quantitative analysis. Within limits, higher flow rates give sharper 
peaks, i.e., greater E . . 
max 






Plate Number Versus Flow Rate 
35 ft silicone grease column 
Solid support: 28-48 mesh C-22 firebrick 
0 Temperature: 75 F 
NCH 
Flow Rate 4 
32 ml/min 672 
89 ml/min 686 








4-3/4 ft silicone grease column with 3-in charcoal at exit 
Solid support: 28-48 mesh C-22 firebrick 
Temperature: 76°F 
NCH Nco NH S 
Flow Rate 4 2 2 
42 ml/min 64 57 25 
75 ml/min 80 6o 28 
89 m.l/min 94 74 42 
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w is the peak width), and also tailing23 is reduced. A higher flow rate 
decreases the retention time and the analysis time, but does not affect 
the retention volume. Therefore, higher flow rate is in general preferred, 
provided it will not dilute the sample too far to reduce the sensitivity 
of the detection ·system and create an excessive pressure drop across the 
column. A flow rate of' 70 ml/min to 100 ml/min was found to be a practical 
range for analysis. 
B. Effect of Column Temperature 
The retention volume of a given column is quite· sensitive to the 
column temperature. In general, the adsorption power of most solid or 
liquid adsorbents toward gases decr~ases sharply as temperature increases. 
Therefore, increasing the temperature reduces the retention volume, and 
consequently the resolving power. 
For example, a 6-ft molecular sieve 13X column separates oxygen 
and nitrogen at 75°F, but completely loses its resolving power for these 
two gases _ at .169°F. N2 and CH4 may be separated by a 12-ft silica gel 
column at 70°F but the separation becomes very poor at 150°F. On the other 
hand, an increase in temperature will sharpen the chromatogram and reduce 
tailing. Since the number of plates is calculated as the ratio of reten-
tion time and width of chromatogram, it should be noted that generally 
the temperature has less effect on the number of plates than the retention 
volume of a column. Several examples of varying the column temperature 
are listed in Table XI. 
23 "Tailing" of a component in gas chromatographic analysis is a common 
term referring to an unsymmetrical tail of the normal b:tno:ritl a.l 
distribution curve of chromatogram peak. 
.... 6J+_ 
TABLE XI 
Effect of Temperature on Retention Volume and Number of Plates 
Column: 6-ft molecular sieves 13X, 14-28 mesh 
Carrier gas: Helium 
02 N2 
Flow Retention N'Ultl.ber of Retention 
i 
Temp. Rate Volume Plates Volume 
76°F 72 ml/m:i:n 88 537 110 
160°F 102 ml/min (*) (*) 104 
(*) o
2 
.can no longer be separated from N
2 
Column: 12-ft silica gel, 28-48 mesh 
Carrier gas: Helium 
N2 
Flow Retention Number of 
Temp. Rate Volume Plates 
76°F 91 ml/min 109 ll4 







Number of Retention Number 
Plates Volume Plates 
390 191 337 
304 128 196 
C0
2 
Number of Retention Number 
Plates Volume Plates 
162 1710 155 
152 550 165 
Column: 12-ft silicone grease on C-22 firebrick, 28-48 mesh, 
ratio of liquid to solid 6o:l00 by weight · 
Carrier gas: Helium 
N2 C02 
Flow Retention Number of Retention Number 
Temp . . Rate Volume Plates Volume Plates 
65°F 80 ml/min 72 177 99 242 
59°F 80 ml/inin 75 l84 108 167 
37°F 80 ml/min 83 190 120 207 





c. Comparison of Plate Efficiency of Various Columns 
As the result of considerable experimental work, Table XII has 
been prepared to summarize the data and calculated parameters, which include 
the plate efficiency of various columns, expressed as number of theoretical 
plates, N; height equivalent to a theoretical plate, H.E.T.P.; sepaFation 
factor, R; and separation factor per unit length of the column R/L. Only 
those columns which showed satisfactory separation between at least two 
components of sludge gas were listed. 
To study the effect of water vapor in sludge gas samples on a 
12-ft silica gel solid adsorption column, the column efficiency of this 
particular column was studied over a period of sixty days with approxi-
mately twenty samples analyzed per day. The samples of sludge gas were 
saturated with water vapor at room temperature. The plate numbers, 
calculated from only those data obtained, H.E.T.P. and separation factors, 
every fifth day, are -listed in Table XII. It appears that the efficiency 
of the column did not decrease, but slightly increased with time, as in-
dicated by the general increase of the number of plates, N, decrease of 
the H.E.T.P. and increase of the separation factor, R. 
As has been mentioned previously, a separation factor greater than 
1.5 is taken as the criterion of complete separation. From Table XII, it 





except the 6-ft Triton X-100 column at l94°F and the 29-ft silic~ne oil 550 
0 column at 133 F. It was found that the 12-ft silica gel column adsorbed 
H2S irreversibly, thus no separation data could be obtained. Silicone 
grease, tetra-iso-butylene, and silica gel columns separated co2 from N2 
completely. For the separation between N
2 
and CH4 none -of these columns 
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TABLE XTI 
comparison of Plate Efficiency of Various Columns at Different Operating Conditions 
Separation Separ tion Separation Separation Separation Separation 
Adsorbent or Column Column Column NCH Nco HETPCH HETPCO factor be- facto~ per factor be- factor per factor be- factor per 
Partition Length Temp. Inlet 4 2 4 2 tween N2 unit length tween N2 unit length tween N2 unit length 
Liquid (ft) (oF) Pressure and CH4 betwe n N2 and co2 between N2 and H2S between N2 (psig) _+ _+ _+ _+ _+ an~ CH4 _+ an~+ C02 _+ ~~ H2S x-cr x-cr x-cr x-cr x-cr x-cr I x-cr x-cr x-cr x-cr 
81 3007~124 2525~643 + + + + .0420~.0006 Silicone grease 73 .0269-.0011 .0321~ .. 0082 .917+.044 .o 113-.0054 + .0095~ ~ 0017 .0449:.0024 II II 71 79 2629-306 2828-339 .0270+.0031 :~~~ti:~g~~ .674+.118 II II 71 86\ 3767~454 3173~298 .0188-.0019 1.003-t .239 .0141~ 0034 .0469~ .0035 7-90* O.lll* 
II II 71 87 2853~496 3269~214 .0249~.0043 .0217:;. .0014 -913-.086 .0129~ 0012 .0475~.0027 
II II 1 86 24 2 .02 -.00 .0240-. 6 
Tetraisobutylene 25-1/4 83 20 ~~*~ .0497:.0022 1.02~.02 .0404~.0008 II 25-114 83 40 .0267~ .0023 1.34~ .16 .0531~ .0064 637~4 + .o28o:.oo18 .652~ .014 .0217~ 6.49~ .11 .21C- .004 II 30 73 20 1071-67 .0471-.0003 0005 
II 30 75 20 713* 959~108 .0421* .0313~-0035 .647* .0216* 2 .38~ .15 .0793~ .0050 
II 30 73 30 967:36 1171:111 .0310~.0011 .025~.0024 • 768~ .090 .025~ 0030 2.44~ .10 .0813~ .0033 
II 39-3/4 83 50 1854! .0214* -715:.010 .0180- 0003 - -
II 39-3/4 83 60 1782-0 .0223: 0 . 737-:.ooo .0185~ 0000 2.47~.01 .0621~ .0003 
Silica Gel 12 130 5 188:11 198~9 .0638~ .0038 .o6oC- .0027 -596~.045 .0498': 0038 4. 7C- .15 -397:.013 
II II 12 130 5 163~18 173-7 .073~ .0081 .0694~.0028 .529~ .078 .0441~ 0065 4.43~ .13 .369~ .011 
II II 12 130 5 175:5 163:3 .068~ .0020 .073C- .0013 .508:.087 .0423~ 0073 4.19~.05 .349~ .004 
II II 12 130 5 218~25 199~8 .0550~ .0063 .06o3~ .0024 .667~.067 .0564~ 0056 4. 75:.15 -396:.013 
II II 12 130 5 226~18 224~23 .0531~ .0042 .0536:.0055 .76~.058 .0638~ 0048 4.93:.25 .411~ .021 
II II 12 130 5 264~10 327~8 .0455~ .0017 .0367:.0009 -79~.057 .0663~ 0048 4.97~ .16 .414~.013 
II II 12 130 5 216~22 213;35 .055C- .0057 .056 .0092 .813:.201 .0678: 0168 5 .03~ .03 .419:.003 
II II 12 13 24~21 221-8 .0488~.0041 .o 
Triton X-100 6 86 20 Could not 67:7 .089~ .0094 2.47~ .01 + 
II II 6 88 20 separate 2.5~ .13 
.413+ .002 
+ - .427-t .022 II II 6 86 30 CH4 from N2 85-1 .070C.: .0008 . 539~ .030 .0898:.0050 2.41-.10 .403-.017 II II 6 140 20 1.44:.05 .240~ .008 
II II 6 194 20 0 . 
Triton X-305 6 93 15 2 3 . 240:.029 -317:.037 .0528:.0062 
Aerosol OT 14 93 20 54-4 .259~ .019 .503:.080 .0359~ .0057 
II 14 135 20 l.o8-:.o4 .077~ .00 
Silicone Oil 550 29 133 20 26 .109~ .017 .830:.014 .o28C-.oo48 4.23:.41 .14C.: .014 
* - Reference to single value. 
** - In this column the particles of Fluoropak were used as the solid 
support. In all the other columns Firebrick C-22 particles 28-48 mesh were used. 
listed has a separation factor greater than 1.5. However, the separation 
factor of the 71-ft silicone grease column is greater than 1.0 at a tempera-
ture of 86°F and 20 psi inlet column pressure. The separation of N2 and CH4 
by this column was nearly complete, with only slight overlapping 1-rhi·Ch:>di..d 
not affect the accuracy of the analysis, when the peak height of the chroma-
tograms were measured and the amount of N2 present was ies.s than 20%. The 
N
2 
content in sludge gas is generally considerably less t han 20%. 
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Chapter 6 
SPECIAL PROBLEMS ENCOUNTERED I N THE ANALYSIS OF MINOR COMPONENTS 
The composition of the sludge gas depends on the source of the ' 
sl-udge ( sewage and/or trade wastes) and the condition of t he digestion 
process. Based on the daily gas analyses from over twenty experiment al 
digestion runs, each with 16 to 18 digesters, covering a period of three 
years, it has become quite evident that CH4, co2 , N2 , 02 and argon make up 
at least 98% of the sludge gas. The remaining part, if any, may be H2 and 
H
2
S. Both of these gases have been reported from time to time as present 
in samples of digester gas under certain conditions from various sources 
(45)(46)(47). These minor components, which may be analyzed readily if 
they exist in sizeable concentrations, present a difficult challenge to gas 
chromatographic analysis, especially in concentrations of the order of 
several hundred parts per million or less. The special problems encountered 
in the analysis of minor components and their solutions are discussed in 
the separate sections to follow: 
A. The Analysis of Hydrogen 
There is some question of whether or not hydrogen is ever 
present in sludge gas produced from the decomposition of domestic sewage. 
It is certain that some hydrogen will be produced from a fermentation 
process when the pH of the solution is low and a high percentage of 
hydrogen acceptors abound in the digesting medium. During two special 
digestion runs carried out in the laboratory, the 'digester bottles were 
filled with glucose and seeded with digested sludge, instead of starting with 




Occasionally, a small percentage of hydrogen gas has been 
casually cited in the literature (45)(46). However, these analyseswere con-
ducted by the conventional Orsat method ih which the quantity, or concen-
tration, of hydrogen gas was presumably obtained only indirectly by 
24The data of 20% H2 by volume was not obtained by direct measurement. In-stead, _ it was obtained from the difference of sample volume injected and 
the· summation of the volumes of N2 , CH4 and co2 calculated from their re-spective chromatograms. Since heiium was employed as the carrier gas and 
the thermal conductivities of hydrogen and helium are known to ·b,e very 
close to each other, the thermal conductivity detector is not sensitive 
to the hydrogen gas. The presence of 20% hydrogen gas would only produce 
a very small peak which the 12-ft silica gel column could not distinguish 
from .the N
2 
peak. Therefore, the hydrogen gas 11 disappearedu from the 
chromatogram. It is reasonable to assume that the volume disappeared 
was hydrogen because it is known that all the gases, other than hydrogen 
and helium, are sensitive to the thermal conductivity detector. Fermenta-





in the sample because both gases are irreversibly adsorbed 





S were low, if at all present in the fermentation gas. 
The presence of· a high concentration of hydrogen ih the gas produced from 
the fermentation of glucose was confirmed in later experiments in which 
the glucose solution was seeded with a pure E. Coli culture. The cam-
position of the gas was found to be 50% C02 and 50% hydrogen by volume. 
This ratio agrees with the results reportea in Bergey's Manual (48). 
The composition of the digester gas was analyzed with a 12-ft molecular 




. The analysis by the molecular sieve column used nitrogen 
as the carrier gas. No methane was found during the six day period. 
Some of the results are shown below: 
Relative Volumes of H2 and co2 from the Fermentation of Glucose by E. Coli 
Relative Volumes 
Date Time Hydrogen Carbon Dioxide 
Feb. 6, 1959 i0:30 AM 1.08 1.09 
Feb. 6, 1959 5:00 PM 1.04 0.89 
Feb. 9, 1959 5:00 PM 0.49 0.51 
Feb. 10, 1959 5:30PM 0.30 0.33 
Feb. ll, 1959 6:00PM 0.24 0.23 
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difference. Therefore, an unaccountable volume of sample gas may have been 
erroneously reported as hydrogen. In the work carried out ·in our laboratory, 
no hydrogen was detected in the gas produced from sludges from two Atlanta, 
Georgia, sewage treatment plants
2
5. 
Only molecular sieve columns, types 5A and l3X, were found to be 
satisfactory for the separation of hydrogen from nitrogen and oxygen. 
Silica gel and activated charcoal adsorbents have also been used by some 
workers (49), however, their reported performance is inferior to that obtain-
ed by molecular sieves. 
In the analysis of hydrogen, nitrogen instead of helium was used as 
the carrier gas. This was necessary because of the small difference between 
the thermal conductivities of hydrogen and helium which made the thermal 
conductivity cell very insensitive to the detection of hydrogen. The re-
striction to nitrogen carrier gas required the performance of a separate 
analysis run, or to use a separate ·unit to analyze for hydrogen, while the 
remaining components were analyzed in the usual manner, using helium as the 
carrier gas. When nitrogen was used as the carrier gas, the thermal conduc-
tivity cell sensitivity for hydrogen was high (See Appendix I, "Sensitivity 
of The:rnlal Conductivity Cells 11 ). Hydrogen was detected in concentrations as 
low as 100 ppm by a molecular sieve 5A or l3X column in the presence of oxygen 
and nitrogen. 
When helium was used as the carrier gas, a thermal conductivity ce1126 
was capable of detecting hydrogen only if the concentration of hydrogen in the 
25 
26 
Both primary and seed sludges were obtained from two local plants. The 
Clayton plant has a 60 mgd capacity and has primary t reatment only. The 
Flint River plant contains complete biochemical oxidation and is well 
operated .with a design flow capacity of 8 mgd . Both treatment plants 
receive predominantly domestic sewage, one of the major reasons for 
employing their sludges as the experimental substrat e throughout the 
studies reported herein. 
·Model NRS or 30S tungsten filament wire cells, manufact.ured by the Gow-
Mac Instrument Co., 100 Kings Road, Madison, New Jersey. 
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sample was relatively higb, i.e., greater than ten per cent. However, in 
respect to the hydrogen concentration, the response of the thermal conduc-
tivity cell was not linear. In the presence of a small amount of hydrogen 
(less than 1 ml), the hydrogen chromatogram appeared as a small positive peak . 
.An increase in the size of the hydrogen sample inverted the peak to the 
negative side of the base line. Consequently, the recorder chart showed 
a positive peak, an inverted or ·negative peak and followed by another posi-
tive peak, as shown in Figure 8-5~ This phenomenon, which has been 
observed in the He-H2 system, but not in the N2
-H2 system, makes the quanti-
tative interpretation of the hydrogen concentrat ion peak difficult when 
helium is used as the carrier gas. 
The phenomenon of 11 inverted" peaks observed in the He-H
2 
system 
indicates that the relation between thermal conductivity and hydrogen con-
centration on the He-H
2 
system is not linear. Although the thermal 
conductivity for pure hydrogen is greater than pure helium, the relation 
between the thermal conductivity and concentration of hydrogen for a 
He-H2 mixtute i~itially decreases, goes through a minimum, and then increases 
in the higher hydrogen concentration range. Therefore, the presence of the 
hydrogen sample appears as a positive peak. A large H2 sample eluting from 
the gas chromatographic column consists of a dilute concentration fiDnt, 
a middle portion of the higber concentration, and followed by the tail of 
another dilute hydrogen concentration. Therefore, the chromatogram con-
sists of a small positive peak, a negative peak and another small positive 
peak. 
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B. The Analysis of Hydrogen Sulfide 
Sludge gas may contain hydrogen sulfide up to several hundred ppm, 
as pointed out by Babbitt (2) and Buswell (50), depending ·on the condition, 
age and origin of the digesting medium. The analysis of hydrogen sulfide 
imposes a special problem to the gas chromatographic method. Unlike methane, 
which is difficult to separate from nitrogen, the separation of hydrogen 
sulfide from the other major components of sludge gas (nitrogen, methane and 
carbon dioxide) is relatively easily achieved. Many partition liquids, such 
as silicone grease, silicone oil 550, tri-iso-butylene, squalane, and 
Triton X-100 give satisfactory results. ~ong these partition liquids, 
Triton X-100 has the greatest specific retention volume, i.e., 9.67 ml/gm 
at 91°F, which compares with 4.63 ml/gm at 73°F for silicone grease -column?, 
5.47 ml/gm at 90°F for silicone oil 550 col~ 5.23 m1/gm at 75°F for a 
tetra-iso-butylene column and 4.09 ml/gm at 90°F for a squalane column, 
as shown in Table IX. 
The major problem encountered in the gas chromatographic analysis 
of hydrogen sulfide was its irreversible adsorption by the column material. 
To illustrate, a small size sample of hydrogen sulfide would not pass 
through a gas-liquid partition column unless the column packing was saturated' 
previously by a hydrogen sulfide sample (approximately one ml was adequate). 
The prior saturation requirement is especially important for columns made of 
copper tubing, as hydrogen sulfide reacts with copper at normal temperature. 
Replacing the copper with polyethylene tubing reduced the irreversible 
adsorption to a minimum. In one of the experiments, a sample as small as 
0-0007 ml H2S (0.9 ml air-H2S mixture containing 812 ppm H2S by volume) 
passed through 27 feet of polyethylene tubing packed with silicone oil 550 
coated on C-22 firebrick, and produced a peak signal of 0.014 mv. However, 
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subsequent H2S samples of identical size produced a peak of 0.027 mv. This 
method of procedure was used to prove that the first sample has been partially 
adsorbed . From a carefully designed analysis of various samples with different 
liqui d ta solid ratios, it was determined that the permanent adsorption 
capacity of the column decreased with an increase of the liquid-solid ratio. 
Therefore, it appears that the irreversible adsorption is caused by the 
solid support (firebrick, Celite, etc.) rat her than by the coating liquid. 
The undesirable irreversible adsorptivity of the solid support has 
been t he subject of considerable discussion by Knight (51), Kwantes (52), and 
Johns (53 ), who invest igated different solid support materials and concluded 
that C-22 firebrick solids possess the least adsorptivity. Ciola (54) 
observed that firebrick particles should be pretreated by washing them with 
an acid solution. Similar treatment with dil. HCl (aq. solution) to confirm 
this observation, did not offer promising results for the analysis of 
hydrogen sulfide . Various methods of de-activation of firebrick and Celite 
were investigated at this laboratory. The procedures applied included: 
(a) washing with an alkali soluti'on, such as dil. sodium hydroxidej (b) wash-
ing with an inorganic acid, such as concentrated or dil. hydrochloric acidj 
(c) precoating with an organic compound, such as stearic acid, oleic acid 
or glycerine, (d) mixing the organic compound with the partition liquid 
(the lat ter included Silicone Oil 550 and tri-ethylene glycol). In severa~ 
instances even combinations of the above methods were employed when it 
appeared to be advant ageous. 
The best results were obtained by the following treatment procedure: 
To a suspension of 200 gm, 28-48 mesh, C-22 firebrick in 500 ml distilled 
water, add 20 ml of 0.1 N NaOH (aq. solution) to bring the pH to 10.5. 
Discard the strongly basic solution and rinse the firebrick with distilled 
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water until its pH reached 7·3· · Dry the firebrick solids in a 600°F oven 
for one hour, then precoat the firebrick with stearic acid (3% by weight 
of the firebrick) before coating it with a partition liquid, such as 
silicone oil 550, tetr~-iso-butylene, etc. 
A comparison of the adsorptivity of various solid support materials 
was made. Several materials were coated with silicone oil 550. Of these, 
Celite 545 appeared to have a greater adsorptivity t han firebrick C-22, 
although uncoated solid particles showed the opposite effect, i.e., the 
uncoated C-22 firebrick separated H2S from N2
, while Celite 545 did not. 
Alundum, studied as another solid support material, was found to have a low 
adsorptivity. A column packed with silicone oil-coated alundum solids 
permitted H2S to pass through readily, even for small size samples. However, 
the column lost its ability to separate nitrogen from H2S after several 
sample injections and nitrogen and H2S were eluted from the column simultane-
ously showing a single peak. It was recognized that Fluoropak27 is also an 
' 
excellent inert column solid support material. It was established that it 
has negligible adsorption toward H2S; however, the efficiency for the packed 
column was found to be low. In a comparison between two columns, one packed 
with C-22 firebrick, the other ~ith Fluoropak, and both coated with 
Triton X-100, the separation .f'actors between N2 and H2S per unit length, 
R1 .4/L' were found to be 0.427 and 0.0097, respectively. 
The basic problem in the analysis of H2S in sludge digestion gas 
is the low concentration involved. The adsorption phenomenon will introduce 
little difficulty during the analysis of a sample containing H2S if its 
27 . 
Fluoropak 80, a trade name for Teflon powder manufactured by the Fluoro-
carbon Co., 1206 E. Ash Ave., Fullerton, California. 
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volume is greater than 0.01 ml. In addition, non-corrosive tubing, such as 
· ~olyethylene, is required for the column, because the adsorptive capacity 
of the solid support is small and it can be saturated easily. A quantity 
of 0.01 ml H2S corresponds to a concentration of 10,000 ppm of H2
S in a 
1.0 ml size sludge gas sample. This concentration is greater than would 
normally be expected in domestic sewage sludge gas. The problem can not 
be solved by merely using a larger sample size. A sample size greater 
than 10 ml significantly reduces the column efficiency. 
To detect H2S in the hundred ppm range requires a sensitive detector 
and recorder. In a four element t ·ungsten-wire, thermal filament type 
conductivity cell, a 0.001 ml sample of H2S can produce only a signal of 
0.004 mv (at a helium carrier flow rate of 92 ml/min, at room temperature, 
and with a filament current of 200 rna). Therefore, to . be able to analyze a 
sludge digestion gas sample containing 100 ppm H2S, it was necessary to use 
a 10 ml size sample to produce a peak of only four per cent of full chart 
scale on a one millivolt (full range) recorder. 
To a.Iilplify the ou~put signal of the detector., a Keithley28 , 
Model 150 AR, high gain microvoltmeter was used as an amplifier in conjunc-
tion with a Wheelco strip-chart recorder to attain a sensitivity of 100 ~v 
full scale. However, the increase of the background noise level neutralized 
the advantage gained from signal amplification. 
In the usual routine of domestic sewage treatment plant operation, 
information on the H2S concentration in the sludge gas may not be as important 
as that of co2 content. In those cases where an accurate H2S content of the 
sludge gas is desired, the gas chromatographic method may be employed 
successfully with the following precautions: 
28 
Keithley, Model 150 AR, manufactured by Keithley InstrQffients, 12415 Euclid 
Ave., Cleveland, Ohio. 
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1. The chromatographic column should be composed of a non-
corrosive tubingJ such as polyethylene) TeflonJ or stainless steel. 
2. The irreversible adsorption of the column is proportional to the 
amount of the solid support present. Therefore J the minimum column length 
should be employedJ sufficient for the complete separation of H
2
S from the 
adjacent component) namely co2 . In this respectJ Triton X-100 is a better 
partition coating liquid than silicone oil 550. When Triton X-100 is used 
as the partition liquidJ only about half the column length is necessary to 
achieve complete separation of H2S and co2 . Triton X-100 coating on 
Fluoropak is considered an optimum partition column combination for the 
separation of H
2
S from sludge digestion gas. 
3. For the complete resolution of a sluge gas sample into all 
four components) i.e.J N
2
J CH4J C02 and H2SJ an additional length of columnJ 
. ' . 
longer than that required to separate co2 and H2SJ is needed. In this case 
Fluoropak is not recommended as the solid support material beca~se an exces-
sive length of column would be required due to the low efficiency of Fluoropak. 
InsteadJ firebrick C-22 is recommended as the stationary support material. 
4. It is advisable to pre-s-aturate the column by injecting a 
relatively large H2S sample (sayJ 0.5 ml of H2S) before each analysis to over-
come irreversible adsorption. The injection of a few sludge gas samples 




EXPERIMENTAL PROCEDURES FOR SLUDGE DIGESTION GAS ANALYSIS 
In this chapter the details of the experimental procedures, includ-
ing column preparation, sampling and interpretation of the chromatogram are 
described , 
A. Preparation of a Gas-Liquid Partition Column 
(1) Solid Support: Of t he many solid support materials studied, C-22 
firebri
1
ck ~as · found .to be the best general purpose solid su~port, also was 
proven to have the highest pl ate efficiencyo To prepare t he solid support, 
the firebrick was first ground·; graded by sieve screens to the desired 
particle size, 28-48 mesh; washed with distilled water to remove fine 
0 . 
particles and dust, ·followed by drying in a 300 C oven for. one and one-half 
hours . The dried particles were stored inside a desiccator before coating. 
(2) Liquid-Coating: A quantity of coating liquid, corresponding to 
40 parts liquid to 100 part s solid, by weight , of t he firebrick particles, 
was dissolved in a volat ile solvent. Et her was general l y the best choice, 
added in sufficient quantity to make the t otal volume of the solution 
approximately the same as the .apparent volume of the firebrick partlcles. 
The firebrick particles were submerged in the solution and stirred 
thoroughly. After a period of ten minutes, sufficient to provide adequate 
contact, the .coated particles were spread on an open tray and allowed to 
dry at room temperature. 
(3) Packing of the Column: A definite length of plastic, or stainless 
steel tubing, of 1/8-in to 1/4-in I.D . was packed by blocking one end and 
pouring the coated particles into the open end through a funnel. It 
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was essential to shake and tap the tubing vigorously to assure that the 
colunm was uniformly packed. From experience, . three grams of coated 
particles, 28 to 48 mesh, packed into each foot of 3/16 in I.D. copper or 
stainless steel tubing, whereas about 1 ~ 7 gms could be packed into each foot 
of 1/8 in I .D. plastic tubing. When the required column length exceeded 
12 feet, it became necessary to pack the column in sections, joined together 
by unions. The column ends were sealed with a glass wool plug. The column was 
placed into the column oven compartment to equilibrate at the temperature 
selected for its operation. 
B. Preparation of Gas-Solid Adsorption Column 
An adsorption column was prepared by grinding a solid adsorbent and 
screening out the 28-48 mesh portion. The selected portion was dried in a 
0 
300 C oven for one and one-half hours, and packed in the same manner as a 
partition column. 
C. Collection of Gas Sample for Analysis 
Sludge gas samples were collected from inside 4-liter glass bottle 
digesters, as close as iOSSible to the digesting sludge to assure the collec-
tion of representative samples. To remove a sample from a laboratory 
digestion bottle, a glass tee was inserted through the stopper of the glass 
bottle with one end of the tee covered by a rubber serum cap. The third 
end of the tee went to a gasometer. The gas sample was withdrawn from the 
digester through the serum cap by a syringe. 
The size of sample required for quantitative analysis was found 
to depend on the voltage measuring range of the recorder. When using an 
automatic recorder with a 0 to 1 mv range, a 0.1 ml sample was sufficient, 
but a 0.5 to 1.0 ml volume of gas sample was required if a 1 to 10 mv full 
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range recorder was used. Among the various types of sampling devices avail-
able, a hypodermic syringe was used for the injection of the gaseous samples. 
For sample sizes greater than 0.1 ml the hypodermic syringe was used. For 
smaller size samples, a Teflon tipped, gas-tight microsyringe29 with a total 
capacity of 0.1 ml has recently become available. Before each sampling, 
the syringe was flushed several times with the sample gas. When transfer 
of the sample over a relatively long distance was necessary, the needle of 
the sample syringe was inserted into a rubber stopper to prevent leakage. 
During automatic analysis, the samples were injected into the 
chromatographic column by an automatic sampling valve, shown in Figure 5, 
according to a predetermined time schedule. 
D. Operational Procedures of Gas Chromatographic Analysis 
The performance of gas chromatographic analysis is simple, provided 
the necessary equipment is available. To illustrate, the individual steps 
which were followed during this study to carry out an analysis are outlined 
briefly below: 
1. The . valve of a helium gas tank was opened to let the carrier 
gas flush out any air which had diffused into the chromatographic column 
since the last analysis. The two-stage proessure gauge was adjusted to 
the desirable pressure to maintain a constant flow rate, usually at 
approximately 60 ml/min. 
2. The heater of the column oven and the current for the detector 
were then turned on and adjusted to the desired value. 
3. The rubber serum cap ov·er the sample injection point was 
checked against leakage by soap solution and replaced if any gas leakage 
29 
Microsyringe, Model GS-1710, a product of the Hamilton Company, Whittier, 
California. 
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was ·found. Ordinarily, a serum cap could withstand 200 · to 300 sample injec-
tions, depending on the needle gauge used. 
4. The recorder was turned on approximately 30 minutes after the 
helium gas valve was opened. The base line on the recorder chart was adjusted 
to zero. The analysis could be started after a stable base line was obtained. 
·5. Sludge gas usually contained three components: Nitrogen (pre-
dominantly introduced from air leaks into the digester or during sampling), 
cH4 and co2 . Approximately ten minutes after sample injection,. nitrogen 
appeared as the first peak on the recorder when a 71-ft gas-liquid partition 
(silicone grease) column was used with a helium flow rate of 85 ml/min and 
at room temperat~re. The entire chromatogram of the three components was 
developed on the recorder chart within a period of approximately four (4) 
minutes, beginning with the appearance of the nitrogen peak to the end of 
the co2 peak. To reduce the total time necessary for a large number of 
analyses, the second sample ~ould be injected into the column before the 
chromatogram of the first sample was developed, as long as the time interval 
between the injection of the first and second sample exceeded four minutes. 
In this manner, fifteen routine analyses for N2 , CH4 and co2 could be 
completed in one hour. A molecular sieve 5A column was used occasionally 
to analyze separately for ·o2 , N2 and H2 . 
E. Interpretation of Chromatograms 
The amount of a gaseous component present in a sample was 
determined by measuring the area,or the peak height,of its chromatogram. 
The total area under a series of peaks is directly proportional to the 
amount of a particular sample present, provided the response of the 
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detector is linear with respect to the amount of the sample present. The 
peak height will also be proportional to the amount of sample present if 
the component peak is symmetrical (55). 
The major drawback of the "area-method11 is the difficulty to measure 
the area accurately. As shown by the calibration curves in Figure 10, 
both the area versus sample volume curve and the peak versus sample volume 
curve appear as linear relations. The experimental points of the area 
versus volume relation are more scattered than those of the peak versus sample 
volume. All areas were carefully measured by a planimeter. A high quality 
integrator may reduce part of the error of area measurement. However, the 
reading of an integrator attached to a recorder includes also any shift of 
the base line, difficult to always maintain exactly at zero. On the other 
hand, the peak height can be read directly from the recorder chart with a 
high degree of reproducibility. In practice, it was found that the peak 
height method is much easier to apply. An accurate quantitative analysis 
can be obtained by this method even if the chromatogram is asymmetric, 
provided a carefully prepared calibration curve, although not necessarily 
linear, is available. 
To establish calibration curves various quantities of pure gas 
samples were injected. Generally, a plot of peak height versus sample size 
yielded a straight line. By means of calibration curves, peak heights 
were converted directly to the partial volume of any particular component 
in the sample. The mole concentration of the component was equal to the 
partial volume divided by the total sample volume injected. The sample gas 
was assumed as an ideal solution because of the low pressure and moderate 








































PEAK HEIGHT-F/ ;1 
~7 
1 f 
I~ z AREA I 
i V· 
I I 































0 . 10 .20 .30 .40 .50 .60 .70 .80 .90 1.0 1.1 
VOLUME AIR (ML) 
CALIBRATION CURVES OF PEAK HEIGHT AND AREA VERSUS 
VOLUME OF AIR SAMPLE 
Figure 10. 
-.83-
conditions (column temperature, pressure, flow rate, d~tector current, etc.) 
were maintained constant throughout the entire calibration run. Insofar as 
possible, the analyses were carried out under identical conditions as those 
for the calibration runs. This requirement was not always easy to achieve and 
was responsible for the major portion of experimental error 8- - Another source 
of error was introduced by the sampling device. It was difficult to meter 
out an exact gas volume of less than 0.2 ml with a syringe because of the 
inherent dead volume of the needle. The gas-tight microsyringe with a 
capacity of 0.1 ml, which has recently became available, has a very small 
dead volume and may assist to reduce the source and magnitude of experimental 
error. 
To avoid the rigid requirement of reproducing identical operating 
conditions between calibration and analysis, a procedure described by 
Keulemans (56) as the "internal standard method" or "marker method" is widely 
used for quantitative work in the field of gas chromatography. However, -the 
method is accurate only for the analysis of liquid samples because it is 
extremely difficult to experimentally prepare a gaseous mixture with an 
exact concentration of a "reference component'' which serves as the internal 
standard. 
Another method of interpreting chromatograms, which is also 
described by Keulemans (56), called "internal normalization", has been 
used in the ·present studies with considerable success. By this method, 
the peak height of each component is converted to partial volume by its 
corresponding calibration curve. The mole fraction of a particular 
component is equal to its partial volume divided by the summation of the 
partial volumes of all components emerging from the column. This method 
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is applicable even if the summation volum~ as obtained from the calibration 
curve, is not equal to the volume of the sample inject~~ because operating 
conditions have changed from those under which calibration was carried out. 
The advantage of the method is that the variation of the experimental con-
ditions, which affect all components equally, will cancel out. Therefore, 
a moderate deviation of operating conditions, say, one or two degrees 
change of column temperature or a few milliamperes variation of filament 
current, will not appreciably affect the resulting analysis. Many of the 
routine analyses carried out on this project were calculated by the 
"internal normalization!! method. 
"Peak Height Fraction" Method: 
When gas-liquid partition columns were employed for the analysis 
of sludge gas, accurate analyses were achieved without the need of 
calibration curves. It was found that the thermal conductivity is smaller 
for the co2-He mixture than that of the CH4-He mixture. Consequently, a 
thermal conductivity cell,· gave a greater response for C02 than for CH4 
with helium as the carrier gas. On the other hand, since CO emerged 
2 
from the column later than methane, the base of the co2 peak was wider than 
that of CH4. Because these two factors compensated each other, the peak 
heights of methane and carbon dioxide were nearly identical for equal size 
samples. The thermal conductivity of nitrogen or oxygen is almost ~the same 
as that of methane, and they emerge from the column only slightly preceding 
methane. Therefore, the height of a nitrogen or oxygen peak is also nearly 
the same as a methane peak for samples of equal volume. Air (i.e., nitrogen, 
oxygen or their mixture), methane and carbon dioxide are the three components 
usually present in sludge gas. The composition of each component gas was 
obtained simply by dividing the ·peak height of each component by the 
summation of the peak heights of all three components. 
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To determine the accuracy achieved by the "peak height fraction" 
method, a 71-ft silicone grease-coated, C-22 firebrick gas-liquid partition 
column was studied intensively. Several runs were made with samples con-
taining various proportions of co
2 
and CH4, prepared in a gas mixing 
chamber30 based on Dalton's Law of Partial Pressures. From the calibra-
tion curve of air, previously obtained (Figure 10), the air fraction present 
in any sample was determined. The air volume was subtracted from the total 
volume of sample injected. Based on the known ratio of co2 to CH4, the 
remaining sample volume was assigned to the two components. The peak 
height of each component was then plotted against their partial volumes. 
This plot, as shown ·in Figure 11, produced an identical ·straight line for 
both CH4 and co2 and was found to be very close to the calibration curve 
of air, as may be observed by comparing the calibration curves in Figure 10 
and Figure 11. These calibration curves show that the peak height .of 
chromatograms will be the same for air, CH4 and co2 for equal sample sizes 
and that the peak response is linear with the sample volume. Therefore, 
the "peak-height fraction 11 of any component is equal to the "volume frac-
tion11 for the mixtures of' q.ir (nitrogen), methane and carbon dioxide. 
From the calibration curves obtained previously, it was found 
that when a thermal conductivity type detector was used, a linear rela-
tion generally exists between peak height and volume. Consequently, the 
ratio of the peak height of CH4 to co2 should be a constant, regardless 
of the size of sample injected. Any deviation from this constant ratio 
must be attributed to experimental error. Statistical analyses of the 
data, obtained from four independent runs with 19 to 33 samples from each 
The gas mix.ing chamber was constructed in this laboratory to prepare 
standard samples of known composition. For details of this apparatus 
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Figure 11. 
run used to construct the calibration curves shown in ·~igure 11, indicated 
standard deviations from 0.54% to 1.9% of the CH4 to co2 peak ratio from. the 
four runs. Comparing the differences between the average CH4 to co2 peak 




mole ratio of the samples, the differences varied 
from 1.5% to 2.2% between runs. The latter differences included those 
caused by experimental error, as well as any uncertainty of sample composi-










The high degree of correlation of experimental results may be 
applicable only to the 71-ft silicone grease colwnn discussed above. 
Larger deviations may result from other gas-liquid partition columns, 
although generally an accuracy of better than 5% should be expected from 
the use of the 11peak height fraction" method with a thermal conductivity 
cell as a detector and helium as the carrier gas. It should be noted that 
the "peak height fraction" method can not be applied to gas-solid adsorp-
tion columns because of the great difference of the sharpness between the 
CH4 and co2 peaks. 
F. Two-Stage Columns 
The so-called "air" or !!nitrogen" peak, which appears on the 
chromatograms eluted from gas-liquid partition and gas-solid adsorption 
columns, represents a mixtlire of oxygen and nitrogen. It does not neces-
sarily possess the same composition of atmospheric air. In-fact, a much 
higher ratio of nitrogen to oxygen is expected from a sludge digestion 
gas analysis. The exact amount or the concentration of oxygen in sludge 
gas may not interest sewage treatment plant personnel during routine opera-
tions, but may provide valuable information to research workers. 
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After a thorough investigation of a wide variety of column 
materials, it was established that only molecular sieves are capable to 





S, as it adsorbs both components irreversibly. 
Thus, neither co
2 
nor H2S will be eluted from this column. To accomplish 
complete resolution o.f all components that may be present in ordinary 
sludge digestion gas, viz., o2 , N2 , CH4, C02 and H2S, requires tw·o col1.ID1.Ils 
in series. 
The special chromatographic analysis equipment, developed for 
this purpose, required only . .one detector and one recorder for the two-
stage column operation. As shown in Figure 12, the sample passed first 
through a gas-liquid partition column which separated sludge gas into 
three groups: (1) a mixture composed of oxygen, nitrogen and methane, 
(2) pure carbon dioxide and (3) pure hydrogen sulfide. These three groups 
of gases passed through one side of a thermal conductivity detector and 
were ·registered on the recorder as three peaks. The gases then entered 
a molecular sieve column which adsorbed carbon dioxide and hydrogen 
sulfide irreversibly, while the mixture of nitrogen, oxygen and met hane 
was separated into the individual components. They passed through the 
other side of the thermal conductivity cell and were recorded as three 
additional peaks, but in the direction opposite to the previous peaks due 
to the change of polarity of the output signals. 
I~ this two-stage arrangement, each of the two sides of t he 
thermal conductivity detector served alternately as the reference cell 
and the sample cell. Therefore, it was important to prevent any sample 
gas from entering. the reference cell side while t he sample gases v.rere 
passing through the other side of the cell for their quantitati ve measure-
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analysis was based on a comparison of thermal conductivities of the gases 
in each cell. To assure that this condition was met, the respective 
lengths of both columns had to be carefully selected. 
The two columns with the following dimensions were used: The 
first-stage column was composed of Triton X-100, coated on 28. to 48 mesh, 
C-22 firebrick with a liquid to solid . ratio of 1 : 2.3 by weight. The 
total quantity of Triton X-100 liquid coating on the column was 14.16 gms. 
The column was 26-ft long with a 1/8 in I.D. The second~stage column con-
sisted of molecular sieve 5A, 28 to 35 mesh. The total quantity of mole-
cular sieves in this column was 13.7 gms, was 9-ft long and also of 1/8 in 
I.D. 
Typical chromatograms ~resulting from gas analysis with the two-







and from the pure co
2 
were resolved by the Triton X-100 
column. The next three peaks N
2
, o2 and CH4 ,which appeared on the opposite 
side of the base line, were ·resolved by the molecular sieve column. Th~ 
final peak of hydrogen sulfide, resolved by the first-stage corumn, did 
not appear at the detector imtil all remaining components had been resolved 
by the second-stage column. This delay was due to the ·long 1·etention time 
of hydrogen sulfide by the Triton X-100 partition col,~. 
The two-stage column, while it provides a detailed analysis of 
the composition of sludg~ gas, suffers from several rigid re~uirements: 
(1) replacement with identical columns is necessary because the elt1.tion 
time for the different components is very critical; (2) a t hermal con-
ductivity detector with symmetrical constr~ction of both cell sides i s 
requi-red; ( 3) frequent renewal of the molecular sieve col-umn is necessary 
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GAS CHROMATOGRAPHIC ANALYSIS UTILIZING TWO·STAGE COLUMN'S 
COLUMN 1: 26FT. TRITON X-100 ON C-22 FIREBRICK 
COLUMN II: 9 FT. MOLECULAR SIEVE SA 
FLOW RATE: 31 MLS/MIN. 
SAMPLE SIZE: 1.0 ML TOTAL 
COLUMN TEMPERATURE: 80°F 
Figure 13. 
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because of its relatively short life due to the irreversible a~sorption 
of water vapor, co
2 
and H2~; and (4) a calibration curve is needed for each 
gaseous component. The simpler "peak height fraction" method, discussed 
in Section E, "Interpretation of Chromatograms", is not applicable because 
it is only valid for gas-li~uid partition columns, while in this case a 
molecular sieve, gas-solid partition column is involved. 
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Chapter 8 
SUMMARY OF RESULTS 
A. Criteria for Column Selection 
The selection -of the proper column is based primarily on 
(a) the ability to separate t he individual components of the gas mixture 
to be analyzed, and (b) t o perform the separation within a reasonable 
length of time. In a mixture containing several components, the pair ·of 
components most difficult t o separate ue.ually dictates the choice of the 
column. In the analy·sis of sludge digestion gas, N2 and CH4 constitute 
the most difficult pair to be separated. In fact, most workers in the 
field of gas chromatography still believe that this separation may only 
be achieved by a gas-solid adsorption column, but a number of gas-liquid 
partition columns were found to be equally useful, and actually more versa-
tile for sludge digestion gas analye.is. 
To eliminat e trial and error met hods and to place the determina-
tion of the most appropriate liquid or solid adsorbent for the separation 
of any pair of components on a rational basis, the specific retention 
volumes of the component s in the partition liquid or solid adsorbent should 
be established first. The difference of specific retention volumes of the 
two components determines the degree of separation which may be obtained. 
The greater this difference, the better the degree -of separation to be 
achieved. 
Table IX in Chapt er 4. shows t hat silicone grease and squalane 
9-re superior partition liquids for the _ separation of nitrogen and methane. 
Another excellent liquid coating material is tetra-iso-hut~yle:ne, but it 
also slightly separates oxygen and nitrogen. Therefore, the air peak is 
broadened and its height depends on the relative ratio of the oxygen and 
nitrogen concentrations. The incomplete separation of the air peak compli-
cates the quantitative interpret ation of the chromatogram. Hilica · gel pro-
vides too broad and flat a peak for carbon dioxide analysis. Molecular 
sieves adsorb carbon dioxide irreversibly. Fu.rthermore, the column life 
of both solid adsorption columns is short ·because t hey adsorb water vapor 
from the atmosphere or carrier gas. Therefore, solid adsorbents are not as 
desirable as silicone grease or sq1J.alane, as col~.llllil materials~. for the 
analysis of sludge digestion gas. 
The column of choice between silicone grease and squalane appears 
to be the former because it provides the longer column life. Silicone grease, 
p~i~arily used as a high vacuum stopcock lubricant grease, has ;an extremely 
low vapor pressure at temperatures below l00°C. A 71-ft column, packed with 
silicone grease coated firebrick C-22 (ratio of 40 to 100, liquid to solid 
) 
0 0 
by weight , operated at a column temperature of 80 to 85 F, was used to 
analyze 16 to 18 sludge gas samples daily for a period of two years. It 
separat es N2 , CE4, Co2 and H2s, and the coluwn remains in excellent condition. 
For the ucomplete :: analysis of sludge digestion gases, including 
31 
trace components by two-stage columns in series operation, Triton X-100 
is recommended as the first stage column because it provides the best 
separation between methane and carbon dioxide and between carbor. dioxide 
arrl hydrogen sulfide. A column with dimethyl sulfolane gives a greater 
specific retention volume for carbon dioxide, however, i t s column life is 
31 Manufactured by Rohm & Haas, Philadelphia, Penna. 
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relatively short because of the relatively high volatility. For the second 
stage column, required to separate oxygen, nitrogen and methane, molecular 
sieves, type 5A or 13X, are the only choice, because they are the only 
adsorbents capable of separating oxygen from nitrogen. Among these two, 
molecular sieve 5A appears to be a better choice because it exhibits the 
greater resolving power as .shown in Table IV. 
Upon selection of the appropriate partition liquid and solid 
adsorbent for the two-stage technique, adequate lengths of colurrrns and 
optimum operating conditions for the analysis of sludge gas remain to be 
determined. The separation factor is used in this case as a quantitative 
parameter to measure the exact degree of separation between two components 
achieved by a certain column under the specified operating conditions. 
Again, the separation of the most difficult pair of components dictates 
the final choice. Table XI in Chapter 5 shows that the separation factor 
between N2 and methane has maximum value of 1.02 when a 71-ft silicone grease 
column is operated at an inlet pressure of 20 psig and a temperature ·of 
86°F. Although an inspection of the -separation factor of 1.0 still 
indicates an incomplete separation between N2 and CH4, it is sufficiently 
large to provide a good degree of accuracy in the quantitative analysis 
when their respective peak heights are measured and converted to peak 
heights. A further increase of the column length does not improve the 
degree -of separation. Instead, the column efficiency decreases which is 
caused by the increase of the pressure drop across the column. 
In two-stage column operation, the determination of optimum 
column length and operating conditions is further complicated by the fact 
that the lengths of each of the two columns must be selected so that no 
individual component of sample gas will be present simultaneously in both 
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sides of the cells of the thermal conductivity detector (see Chapter 7, 
Section E, uTwo-St age Columns u~) • The requirement for an adequate value of 
the separat ion factor ( gr'eat.er t han 1. 5) is st ill valid but it alone does 
not satisfy all condit ions . It ~~as established experimentally t hat a 
combination of a 26-ft Tri t on X-100 column and a 9-ft ;molecular sieve 5A 
column provide good separation between oxygen, nitrogen, methane, carbon 
dioxide and hydrogen sulfide at a column inlet press ·.re of 50 psig a!ld 
room temperature. 
In summary, t he final selection of columns w·as narrowed dov.rn t o: 









Part ition liquid: silicone stopcock grease 
Support solid: firebrick C-22 
Ratio of liquid to solid: 40 to 100 by weight 
,Support particles size: 28-48 mesh 
Column diameter: approximately 1/4 in I.D. 
st ainless steel or plast ic tubing 
Column length: 71-ft. 
Column for the first stage: 
Partition liquid: Triton X-100 
Support solid: firebrick C-22, 28-48 mesh 
Ratio of liquid t o solid: 30 to 100 by weight 
Column diameter: approximately 1/4 in I.D. 
stainless steel or plastic tubing 
Column length: 26-ft 
Colunm for the second stage: 
Partition liquid: none 
Solid adsorbent: Molecular sieve 5A 
Particle size: 28-48 mesh 
Column diamet er: approximately l/4 in I oD. 
st ainless steel, copper or plast ic tubing 
Column length: 9-ft . 
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B. Interpretation of Gas Analysis Data in Terms of Progress 
of Sludge Digestion 
Th~ · experimental gas chromatographic analyzer, constructed in this 
laboratory, was used for the daily analysis of the gases evolved from 
laboratory sludge digesters. Gas samples from 16 digesters were analyzed 
daily for the co
2 
to CH4 ratio. The analyses were performed during 24 
experimental digestion studies, ranging fro~ 40 to 90 days each. The 
relation of the co2 to CH4 ratio to the progress of digestion was observed 
along with other parameters, such as the rate of gas production, pH, OFE 
and electric conductivity of the sludge (57)(58). 
From the daily gas analyses, the following conclusions may be 
drawn: 
(1) For batch digestion, the initial co
2 
content of the sludge gas 
generally is 60% (by volume) or higher, but drops down to 20 to 30% after 
five or six days if digestion proceeds in the normal manner. After ten 
days of digestion, co2 content of s~udge gas higher than 30% definitely 
indicates unfa\rorable conditions upsetting the normal digestion process 
(Figure 14). The 3o% co2 value af~er ten days of digestion corresponds 
closely to modern high rate digestion practice and confirms the ·resul t s 
obtained in full scale treatment plants. 
(2) Nitrogen found in the sludge gas is present either from the 
atmosphere by leakage into the gas line or from a release of the dissolved 
gas from the sludge. All experimental evidence points against the theory 
that any free nitrogen is produced during the decomposition process. 
(3) Neither hydrogen sulfide nor hydrogen gas were fo~Qd in the 
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sludges from t wo Atlanta sewage treatment plants32 . A concentration of 
one per cent of hydrogen sulfide was detected in sludge- gas when a small 
amount of sodium sulfide was deliberately added to the sludge. In anot her 
set of experiments, when the digestion bottles were filled wit h a glucose 







l. The analysis of sludge gas was successfully carried out by 
gas chromatography. It has been demonstrated that gas chromatography is cap-
able of ·resolving components usually of interest to digester operation., 
CH4 and co2 , on a reliable and rout ine basis. Gas chromatography is also 
capable of analyzing for other components which may be ·present in sludge 






and other trace constituents depending 
on the needs of the plant operator or as an analytical tool in research. 
By the· aid of an automatic sampling valve, also developed in this 
study, sludge digestion gas can be analyzed continuously by gas chromato-
graphy to provide complete digestion process information to a plant operator 
or ·; tor art<. ittlt~at:ic control system. 
2. On the basis of extensive investigations,:~ including many 
different . columns, it was found that for routine digestion gas analysis, a 
71-ft sili_corie grease partition column proved to produce the best and most 
reproducible separation and also least deterioration of column v;ri t h time. 
This column can resolve N2 , CH4, co2 and H2S. 
3. Other columns which were also found t o be quite sat isfactory 
for sludge -digestion gas analysis are: silica gel, tetra-iso-butyle~e, 
silicone oil 550, squalane, tri-met.a-cresyl phosphate, dimethyl S'J.lfolane, 
and Triton X-100. 
4.. For t he analysis of specific trace components as may be of 
interest to research workers, the following col·umns wsre fn0 d t o be of 
interest:. 
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Gaseous Component Recommended Column 
Triton X-100 
Molecular Sieve 5A 
5· The resolution of 02 , N2 , as well as other components of 
sludge digestion gas: CH4 , co2 and H2S, was successfully accomplished by a 
two-stage column arrangement composed of 9-foot molecular sieve 5A and 26-
foot Triton X-100. This type of column arrangement would be most suitable 
for research studies and probably find exclusive application here, rather 
than in plant application. 
6. Peak heights can be used directly to interpret chromatograms 
by the "peak height fraction" method when a liquid partition column is used 
to analyze sludge digestion gas. This method reduces the work of interpre-
tation of analytical data to a minimpm for the plant operator. 
7· It was found repeatedly from 24 runs, with 16 or more digesters 
in each laboratory study, that during normal sludge digestion conditions, 
the co2 concentration of the gas was 30% or less by volume. When the co2 
concentration exceeded 30%, it generally served as a warning signal that the 
digestion process was upset and a significantly higher concentration indicated 
that the digester was "stuck" . 
8. Although the gas chromatographic analysis instrument developed 




S was found in 
the seeded sludge mixtures obtained from two domestic sewage treatment plants, 




SENSITIVITY OF THERMAL CONDUCTIVITY CELLS 
' . 
Both hydrogen flame type and argon beta-ray t ype ionization 
detectors were investigated but were found to be insensitive to oxygen, 
nitrogen, carbon dioxide and hydr ogen sulfide. As t hese component s incl ude 
some -of the major const i t utent s of s l udge digest ion gas , t hermal conduct ivit y 
cells were used exclusively as detect ors for t he gas chromatographic analysis. 
Four thermal conduct ivity cells were employed in t hese studies : t1.ro GO\-l -Mac 
filament-type cells, Model NRL; one Gow-Mac filament -type cell, Model 308; 
and one Industrial Instruments thelwist or-t ype -cell, Model TB S-4s . Their 
characteristics are listed below: 
TABLE XIII 
Characteristics of the Thermal Conductivity Detectors _ 
Cell Sensing Elements Dead Speed (Si.gnal ) 
No. Man1J.facture r Model No. TyEe and Number Volume Response 
l Gow·-Mac NRL 4 tungst en 2 cc 34 sec 
filament wires 
2 Go1-r-Mac NRL 4 t ungst en 2 cc 34 sec 
filament wires 
3 Gow-Mac 30S 4 tungsten 4 cc 10 sec 
filament wires 
4 Industrial TBS-4S 2 glass bead l cc 4 sec 
Instruments thermist ors 
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The sensitivities of the detectors may be compared on the basis 
of the sensitivity index as suggested by Dimbat, et al. (59), which is 
cited more frequently than any other sensitivity scale in the gas chromato-
graphic literature • When dealing with a gaseous sample, it was found that 
the original sensitivity index may be modified by expressi.ng the index as 
a response per unit volume of sample rather than per unit weight of sample. 
Therefore, the dimension of the sensitivity index becomes millivolt (mv) 
instead of mv-ml/gm. 
The sensitivity index can be calculated simply frvm the follow-
ing expression: 
where 
S' = sensitivity index, mv 
A = area under the chromatogram, sq in 
cl = flow rate of carrier gas ml/min 
v = volume of sample, ml 
c2 = recorder sensitivity, inch/mv 
c3 = chart speed, inch/min. 
Therefore, sensitivity index has the dimension of millivolt, 
and it is considered to be independent of t he flow rate, volume of the 
sample gas injected and sensitivit y of the recorder chart speed (provided 
all the variables are linear ) . The index is a function o:f t he response 
characteristic of the detectors, as well as t he intensity of the filament 
current, the cell block temperature, the t hermal conduc·tivit y of t he 
c arrier gas and that of the -component gas to be det ect ed . 
''""..:-- .-
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Applying the formulat.ion suggested by Dimbat (59)J sensitivit~ 
index values obtairled for the detection of a number of gases for each of 
the four cells are shown in Table XIV.. These values clearly illustrat e 
the superior sensitivity of the thermistor-type cell. 
The thermistor cell is more sensitive to the change of the cell 
block temperature than the filament cellJ as illustrated by the character-
istic curve furnished by the manufacturer. This cur~e indicates a change 
of output signal from 180 mv to 120 mv w·hen the block temperature increases 
from 80°F to l00°FJ whereas the output of a filament type cell only drops 
from 6o mv to 50 mv in the same range of temperature change. 
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TABLE XIV · 
Sensitivity Index of Various Detectors 
Cell Helium Carrier Gas 
No. Manufacturer Model N2 CH4 Co2 H2S NH3 
1 Gow•Mac, NRL 190 . 160 195 
(120 rna) (120 rna) (120 rna) 
(130°F) . (130°F) (130°F) 









3 Gow-Mac 308 193 167 242 205 
(130 rna) (130 rna) (130 rna) (130 rna) 
(80°F) (80°F) (80°F) (80°F) 
4 Industrial TBS-48 2,400 1,465 2,26o 1,331 
Instruments (13 rna) (13 rna) (13 rna) (13 rna) 
(ll0°F ) (ll 0°F) (ll0°F) (ll0°F) 
Nitrogen Carrier Gas 
H2 02 CH4 









LIST OF SYMBOLS 
A Area under a chromatogram, sq in 
C
1 
Volumetric flow rate, ml/min 
c
2 
Recorder sensitivity, inch/mv 
c
3 
Chart speed, inch/min 
d Distance between the injection point and the peak of a 
chromatogram, in, (retention time) 
f Pressure correction factor 
c 
G Moles of gas phase in a :theoretical plate 
G Moles of gas phase in a gas chromatographic column, ml 
H.E.T.P. Height equivalent to a theoreticai plate, ft 
K Partition coefficient 
k Vapor-liquid equilibrium constant 
L Length of a gas chromatographic column 
M Moles of partition liquid or solid adsorbent in each plate 
s 
m Number of moles of gas which have passed plate n 
N,n Number of theoretical plates 
-p. Column inlet pressure, mm.Hg 
l 
P Column exit pressure, mm.Hg 
0 
R Separation factor 
S Mole s of stationary phase in a theoret ical plat e 
S 1 Sensitivity index 
S: Moles of st at ionary phase in a gas chromat ographic colwnn 
u A variable defined by equation (9) 










LIST OF SYMBOLS 
Continued 
Volume of gas in each theoretical plate, ml 
I 
Volume of liquid in each theoretical plate, ml 
Volume of gaseous phase in a gas chromatographic column, ml 
Volume of liquid phase in a gas chromatographic column, ml 
Specific retention volume, ml/gm 
Total weight of the liquid phase, gm 
Peak width 
Mole fraction of solute in the liquid phase 
Mole fraction of solute in the vapor phase 
Retention time, second 
Retention time of an inert gas sample, second 
Density of the stationary phase, gm/ml 
Density of the gaseous phase, gm mole/ml 
Density of the liquid phase, gm mole/ml 
- Subscripts 
1, 2, 3, etc.: Component 1, 2, and 3, etc. 
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